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Whole cottonseed extruded at temperatures (°C) and rates 
(kg/hour) of 131, 314; 135, 182; 146, 195; and 156, 286 was 
evaluated for protein solubility, in vitro ammonia production, 
and in situ disappearance to estimate bypass protein 
potential. Whole cottonseed, soybean meal, corn gluten meal, 
and soybean meal and whole cottonseed heated for 4 hours at 
127, 138, and 149°C were also evaluated for comparison^
Solubility was determined by three methods: hot water-
refluxed 1 hour; cold water-mixed 30 minutes; and cold water- 
homogenized 5 seconds. Ammonia production was measured after 
2, 4, and 6 hour incubations. Disappearance of crude protein 
and dry matter was determined by suspending nylon bags in the 
rumen for 1, 2, 4, 8, 12, and 24 hours.
All solubility methods demonstrated that extrusion 
reduced (P < .05) whole cottonseed solubility. Ammonia 
production indicated that whole cottonseed was similar to 
extruded cottonseed. The in situ method distinguished the 146 
and 156°C products as having the lowest CP < -05) disappear­
ance of dry matter and crude protein, after 24 hours, compared 
to whole cottonseed and the other extruded products.
Based on the results obtained from previous analyses, a 
product was extruded at 152°C and 436 kg/hour to determine its 
feeding value and bypass protein potential in a lactation 
trial. Twenty six, early lactation Holstein cows were 
randomly assigned to one of four experimental groups. Eleven
ix
cows, averaging 43 days postpartum, began the trial with 
remaining cows assigned 7 to 14 days postpartum. Complete 
diets based on corn silage and 16.4% (as fed) crude protein 
pelleted concentrate were fed twice daily. Groups consisted 
of a positive and negative control, and whole cottonseed and 
extruded cottonseed treatments.
Positive control cows produced the most (P <.05) milk and 
4% fat corrected milk; the negative control group was the 
lowest (P < .05). Treatments were intermediate to the 
controls. The greatest milk fat percentage was for the 
controls. Total solids and milk protein percentages were 
highest for the negative controls while the positive control 
and cottonseed treatment groups were similar.
x
INTRODUCTION
The ruminant is supplied by two sources of protein. 
Dietary protein that bypasses rumen fermentation and ruminally 
synthesized microbial protein compose the total supply to the 
small intestine (12,121). Increasing the quantity of dietary 
protein reaching the small intestine improved protein status 
rapidly which is advantageous for high producing dairy cows 
and young growing ruminants requiring a large supply of amino 
acids to meet their requirements (69,130). The high producing 
dairy cow is the best experimental animal to use to study 
dietary protein bypass. They require very large amounts of 
protein to support milk production and this allows for greater 
manipulation of protein feeds to study bypass.
The main objective of protecting protein is to enhance 
the supply of intestinal amino acids. Some protein sources, 
like corn gluten meal, are naturally less degradable. Other 
feedstuffs require treatment with chemicals or heat. 
Chemicals such as formaldehyde or tannic acid have been used 
to protect protein, but federal agencies have not approved the 
chemical treatment of feeds in the United States. Protection 
is usually achieved by heating because it is utilized in the 
normal preparation and extraction of many feedstuffs (12). 
Processing methods, like extrusion, have been used to promote 
the bypass potential of feeds, such as soybean meal and 
soybeans, as well as the performance of cows consuming them 
(78,104).
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Whole cottonseed which is high in crude protein (24.9%), 
energy (98% TDN), and crude fiber (18%) is an excellent feed 
for dairy cattle, especially those in early lactation which 
require high intakes of protein and energy. The NRC 
recommendations for lactating dairy cattle are 16% crude 
protein, 75% TDN, and 17% crude fiber (81). Thus, the
percentages of protein, energy, and fiber in whole cottonseed 
exceed those recommended for the lactating cow. Cows fed
whole cottonseed in lactation diets have been observed to have
improved milk yield and composition (38,114,126). However, 
processing may improve its feeding value. Extrusion of whole 
cottonseed has been virtually nonexistent. However, extruded 
cottonseed has been demonstrated to increase the flow of crude 
protein to the duodenum and reduce ruminal ammonia
concentration compared to raw whole cottonseed when fed to 
late lactation cows (95). Processing whole cottonseed by 
extrusion may improve its potential as a bypass protein 
source.
Estimating the degradability or bypass potential of 
protein sources can be done using in vivo, in vitro, and/or in 
situ methods. Techniques used to predict degradability should 
be highly correlated to actual rumen degradability (129). In 
vitro methods provide estimates of degradation, not actual 
degradation. However the combination of protein degradation 
kinetics, which evaluates rate of degradation, and rumen fluid 
turnover rate may provide in vitro or in situ measurements
that are similar to in vivo determinations (123). 
Measurements of degradable protein using rumen and/or 
intestinal cannulated animals allows for only a single
estimate of protein degraded in a specific feeding program
(73,123). In addition, management of the animals and cannulas 
can be difficult.
The evaluation of potential bypass protein sources by
laboratory and/or animal methods provides a basis to compare
different treatments and/or feedstuffs. In addition,
preliminary analyses such as these may allow for proper 
treatment conditions to be chosen and implemented in 




Ruminal Protein Degradation and Utilization
Dietary nitrogen utilization differs between animals 
relying extensively on a fermentation type of digestion and 
those depending on a simple hydrolytic digestive process. In 
the ruminant, the fermentation area precedes the major site of 
amino acid absorption. Rumen microorganisms begin the 
digestion process and have a strong influence on the amino 
acid nutriture of the ruminant. This microbial fermentation 
allows for the utilization of non-protein nitrogen, the 
upgrading of low quality dietary protein to high quality 
microbial protein, and the ability of the ruminant to survive 
consuming low intakes of dietary nitrogen by nitrogen 
recycling into the rumen via saliva (106). Even though the 
digestive systems of the ruminant and nonruminant are widely 
different, their amino acid metabolism at the tissue level is 
similar (55).
The ruminant derives its protein from two sources. 
Ruminally synthesized microbial protein and dietary protein 
that escapes rumen fermentation make up the total supply to 
the small intestine (12,121). The amount of dietary protein 
directly available at the intestine varies based on ruminal 
retention time of ingesta and the type of protein fed (50). 
Ruminant protein nutrition must be evaluated based on the
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amino acids that are absorbed from the gut in relation to 
maintenance and production requirements, extent of dietary 
protein breakdown, and microbial protein synthesis. These 
factors can substantially alter the amount and pattern of 
amino acids absorbed from the gut compared to the composition 
of the diet. In addition, the milk yield and composition of 
high producing dairy cows can be greatly influenced by these 
factors (28,29,117).
Microbial degradation of protein is a two step process. 
Microbial proteases digest the protein to its constituent 
amino acids which are then deaminated by microbial deaminases. 
The end products are keto acids and ammonia which are utilized 
by the microbes directly or fermented to volatile fatty acids. 
The ammonia liberated can be reused by the rumen 
microorganisms for synthesis of amino acids and protein. The 
extent of utilization depends on the quantity of metabolic 
energy available (13). Proteolysis depends on the numbers of 
microbes present in the rumen while deamination is related to 
the protein content of the diet. The rate limiting step in 
protein degradation is proteolysis (17).
Several factors have been identified as important to 
protein utilization including the quantity of endogenous 
protein passing into the intestine, quality and quantity of 
microbial protein synthesized from endogenous and dietary 
nitrogen, and the extent of degradation in the forestomach 
(76). Chalupa (24) suggested the quantity of dietary protein 
transformed into microbial protein was a relevant factor in
the animal's nitrogen economy. Microbial protein synthesis 
was considered important in whether or not to use artificial
procedures to reduce degradability in the rumen. However,
this is true for any protein degraded in the rumen.
Crude protein (N x 6.25) does not adequately measure 
nutritional value. Experimental results have been 
disappointing when crude protein was considered alone. 
Macleod and Grieve (69) postulated that this could be due to 
several reasons. For example, the protein feeds used might
have been under or overprotected or of poor amino acid
balance insufficient degradable protein was fed; and/or 
bypass protein prediction might have been in error or the 
quality poorer than the original feedstuff. In addition the 
potential for animal performance could have been low; amino 
acids might have not been first limiting nutrients; and/or the 
type of ration and level of feeding might have resulted in 
short rumen retention time, thus resulting in greater bypass 
with a control diet.
Relationship of Protein Solubility to Utilization
Ruminal protein solubility is of considerable nutritional 
significance (133). The solubility of crude protein in the 
rumen may be a reason for inefficiency of protein utilization. 
Water soluble forms of nitrogen are degraded at a more rapid 
rate to ammonia than insoluble forms. There is a greater 
chance for insoluble protein to bypass the rumen into the 
lower gastrointestinal tract where it can be efficiently
digested. These concepts led to the development of procedures 
to measure nitrogen solubility of ruminant feedstuffs C97).
Solubility alone was too simplistic of an approach to 
ruminant protein utilization. Equating soluble with 
degradable protein and insoluble with bypass protein has been 
discussed as controversial. Several factors have been 
proposed as important in the realization of optimum protein 
utilization (118). These included level of feed intake, time 
of feeding, coarseness of feedstuffs, feeding behavior, order 
of feeding forages and grains, and specific gravity with 
relation to rumen fluid. Evidence that disulfide cross-links 
might be influential in ruminal protein degradation suggested 
that solubility is not the only factor limiting protein 
degradation. In some instances, solubility and degradation 
have been well correlated, but regardless of the solvent used 
it has been difficult to quantitatively interpret solubility 
data (19).
Several factors have been noted to affect the solubility 
of feed protein in the rumen. Feeding frequency, rumen pH, 
protein fractions, feed particle size, and level of intake all 
affected solubility (117). The degree of natural protein 
solubility was correlated directly to the rate of ammonia 
released in the rumen. Within minutes after feeding, highly 
soluble protein contributed significantly to rumen ammonia 
concentration. The soluble portion of protein was rapidly 
degraded by rumen microbes which resulted in an increase in 
ammonia absorption through the rumen wall and decreased
efficiency of nitrogen utilization (32).
Sniffen (117) reviewed protein fractions and their 
relationship to solubility. The types of protein fractions 
present in common feedstuffs included albumins, globulins, 
prolamins, and glutelins. The major■soluble portion of the 
protein was represented by albumins and globulins which 
dissolved in rumen fluid. Glutelins and prolamins represented 
the insoluble portion of the protein which had the potential 
for ruminal bypass. Albumins and globulins were higher in 
protein quality than glutelins and prolamins. Protein oil 
seeds contained large portions of highly soluble proteins such 
as albumins and globulins. The protein solubility of a 
feedstuff can be reduced by decreasing the percentage of total 
protein represented by the albumin and globulin fractions 
through heat or chemical treatment.
The effect of nitrogen solubility on nitrogen utilization 
was measured in three nitrogen-balance trials using 30 to 45 
day postpartum cows (3). Nitrogen solubility of the diets was 
varied with urea. Levels of 0, 8, 16, or 24% of the total 
dietary nitrogen were contributed by urea. A 12% crude 
protein ration was used in the first trial followed by 13 and 
15% in the second and third trials. Dietary nitrogen 
solubility ranged from 39.5 to 48.7% in trial one, 35.4 to 
47.9% in trial two, and 31.5 to 45.8% in the last trial. Cows 
consuming the 8% urea diet in trial one had the greatest dry 
matter intake and milk production. The 0 and 8% levels 
provided the highest production in the second trial. The
highest milk production in the last trial was with the 8% 
level. Milk yields were greater with all urea levels in trial 
three than in trial one. Overall, the lowest production
across all the trials was with the 244 urea level. These 
researchers noted that soluble nitrogen utilization may depend 
more on water and dry matter intake and less upon production 
level or crude protein content of the diet. This conclusion 
was reached because the amount of soluble nitrogen utilized, 
based on a multiple linear regression model, remained fairly 
constant in the high producing dairy cows used in the trials.
Majoub et al. (71) evaluated milk production response to 
dairy rations varying in nitrogen solubility. Twenty
Holsteins, 8 to 10 weeks postpartum, were fed complete rations 
consisting of 604 concentrate and 404 sorghum silage. The 2x2 
factorial trial was conducted over nine weeks. The diets were 
fed ad libitum and contained 13 or 154 crude protein at levels 
of 22 and 424 soluble nitrogen. Solubility was varied by the 
selection of natural feedstuffs. Solubility level had no 
effect on the intake of dry matter, protein, or energy. Milk 
yield improved at both protein levels with low solubility
diets. The interaction between nitrogen solubility and crude 
protein level for milk yield was significant. Reducing 
protein degradation in the rumen by using low solubility diets 
probably provided a different amino acid pattern to the lower 
tract which improved milk yield.
Protein quality for the ruminant can not be evaluated on 
the basis of nutritional solubility alone because the
10
insoluble fractions contain variable portions of unavailable 
nitrogen (97). However, the nutritive value of a protein 
source was somewhat dependent on its solubility when it was 
fed to high producing cows and growing ruminants. Highly 
soluble protein was of less benefit to the animal. Thus, 
protein solubility must be considered in ration formulations 
(45). This practice has the potential to decrease costs, 
reduce the absolute quantity of crude protein required, and 
improve milk yield. The principal factors determining milk 
production are the quantities of essential amino acids and 
energy yielding nutrients supplied to body tissues (71). The 
amount of essential amino acids supplied will depend to a 
great extent on microbial protein synthesis in the rumen and 
the escape of protein from rumen fermentation.
Microbial Protein Synthesis
The importance of ruminally synthesized microbial protein 
is allied to the fraction of the total protein requirement 
supplied by microbial protein. Microbial protein supplies 
from 50 to 1001 of the protein needed for maintenance and milk 
production. The percentage supplied by microbial protein is 
influenced by dietary crude protein and energy intakes, total 
dry matter intake, and milk production. The biological value 
of microbial protein is high for milk production and exceeds 
that of most dietary sources (51).
Several reports (52,55,125) have indicated that microbial 
protein synthesis is influenced by nutrient supply, uptake and
11
availability, microbial population, and dilution rate. Thomas 
C12 5) reported that numbers and species of rumen 
microorganisms are affected by conditions within the rumen and 
the diet consumed, and nutrient requirements of different 
microbial species are variable. Metabolic end products for 
one species can be substrates to another species. The supply 
of available nutrients for specific microbial species can 
differ significantly after feeding. Nutrient degradation rate 
for all feeds is not the same.
Thomas (125) indicated that rumen microbes vary in their 
requirements for nitrogen compounds. Bacteria were more
efficient synthesizers and less susceptible to nutrient 
deficiencies compared to protozoa which have limited ability 
to synthesize or interconvert amino acids. Ammonia was the 
most important nitrogenous precursor for microbial synthesis 
and was required by most rumen bacteria. Some bacteria also 
required specific amino acids, peptides, or branched chain 
fatty acids (52,115). Availability of nitrogenous compounds 
such as ammonia or amino acids was determined by recycling and 
diet. Ruminal ammonia levels of 5 mg/dl allowed rumen 
bacteria to readily obtain adequate ammonia (55). Ammonia 
utilization was maximized when carbohydrate fermentation and 
ammonia production occurred at the same rate (125).
Numerous reports (51,55,92,115) discussed that dietary 
carbohydrates degraded in the rumen are the main source of 
energy for microbial protein synthesis. Less than 101 of the 
energy supply for microbial synthesis was provided by the
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degradation of dietary protein, an amount that did not 
influence energy supply. The rate at which rumen microbes 
released and utilized energy determined microbial growth. The 
same authors also indicated carbohydrate fermentation yields 
volatile fatty acids and then ATP. The main purpose of 
microbial activity is the maintenance and growth of the rumen 
microbial population via the generation of ATP. Each mole of 
fermented carbohydrate yields 4 to 5 moles of ATP. The 
fermentation process allows for synthesis of microbial protein 
by incorporating non-protein nitrogen.
Synthesis of microbial protein was greater with faster 
rates of dilution (14,52). Rumen fluid dilution rates ranged 
from .03 up. to .2%/hour for lactating cattle consuming large 
quantities of dry matter. The amount of long fiber in the diet 
and level of intake both strongly affected dilution rate. 
High dilution rates were usually associated with low levels of 
propionate in the rumen as observed with high forage diets. 
Dilution rates were also increased by pelleting and decreased 
by grain processing.
In addition to nitrogenous compounds and energy, sulfur 
and phosphorus influenced microbial growth (50). Sulfur is 
important to the synthesis of some amino acids. A 
nitrogen:sulfur ratio of no greater than 10 has been shown to 
meet microbial requirements for sulfur (115). Phosphorus is 
important for the continuous synthesis of microbial nucleic 
acids (52).
Optimum dietary protein utilization in turn provides
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optimum milk production. For example, assuming 30% of the 
dietary protein fed bypasses the rumen, optimum utilization 
would be attained when the 70% degradable portion is fully 
utilized by rumen bacteria so no excess or deficiency of 
ammonia is present. Factors affecting microbial protein 
synthesis are important to optimum protein utilization. A 
deficiency of protein at the tissue level arises when the 
energy supply is below requirements for microbial synthesis 
which reduces milk protein content and production (51).
Dietary Protein Bypass and Postruminal Utilization
Under most practical conditions it would be advantageous 
to limit degradability of dietary protein in the rumen (76). 
Some feed protein bypasses the rumen and goes into the small 
intestine naturally, while other feed protein is degraded to 
ammonia and free amino acids which can be incorporated, if 
feed energy is adequate, into microbial protein. There is a 
wide difference in the extent of degradation between feed 
ingredients (24,129). The value of the feed consumed is 
modified by microbial action, but the type and extent of 
modification is dependent on the origin and ratio of 
constituent materials in the diet. The value of a protein 
source depends on its digestibility, the amount of ammonia 
absorbed from the rumen, amino acid content, and the extent of 
resynthesis into microbial protein. All of these factors 
influence protein utilization, but the influence is dependent 
on chemical and physical properties of the protein. In
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addition the composition and size of the rumen microbial 
population, which is related to energy supply, affect protein 
utilization (1093. Nitrogen containing components that pass 
from the forestomach and abomasum at a specific nitrogen 
intake depend on the rate of microbial synthesis, extent of 
dietary protein digestion, rumen microbial composition, time 
spent by microbes in the rumen, and the extent of removal or 
addition of nitrogen in the omasum or abomasum (55).
Several factors related to the animal and diet which 
influence protein degradation have been reported
(13,32,45,59,123). These encompassed level of feed intake, 
rate of passage of digesta through the forestomach, particle 
size and physical form of the feed, rumen pH, balance of 
microorganisms, rumen fluid turnover rate, frequency of 
feeding, and the nature and solubility of the protein 
consumed. The presence of disulfide bridges and cross-linking 
also affected degradability. The fractions of protein present 
determined the amount of soluble protein. Feeds with large 
portions of albumins and globulins were more soluble than 
those containing major fractions of prolamins and glutelins 
which were less soluble. Solubility was also influenced by 
rumen pH as well as manufacturing treatments. Other factors 
that influenced rate and extent of degradation included 
osmolarity and rumen microbial activity.
Postruminal nutrient utilization will eliminate energy 
losses associated with fermentation and protein losses due to 
microbial protein synthesis (24). Waldo and Goering (130)
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suggested that increasing the dietary protein passing into the 
small intestine improves protein status, but the protein must 
be digestible. In order to obtain greater amino acid 
absorption from the small intestine, via reduced rumen protein 
degradation, Tamminga (123) indicated that measures used 
should not prevent protein hydrolysis in the small intestine 
or reduce microbial protein synthesis.
Methods to reduce degradability and encourage the bypass 
of protein have included treatment with heat or chemicals, use 
of amino acid analogs, encapsulation, esophageal groove 
closure, and specific manipulation of rumen metabolic 
pathways. These procedures should not interfere with rumen 
metabolism or postruminal digestion (24,28). High producing 
dairy cows and rapidly growing calves require a larger supply 
of amino acids at the intestinal level than can be met with 
highly degradable protein feeds. Increasing the bypass 
protein supply has been approached three ways. The first was 
to invoke the esophageal groove reflex which has been 
effective in preweaned ruminants, but has limited application 
with older ruminants. Another way was the preferential use of 
feeds thought to be more resistant to ruminal degradation. 
Commercially, this has been a popular practice. The last 
approach was to treat highly degradable protein feeds with 
chemicals or heat. These processed feeds were termed 
protected proteins, but they have not been as commercially 
available as untreated feeds (69).
0rskov et al. (87) demonstrated the benefit of protein
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bypass by feeding young growing lambs via the rumen or 
abomasum. Lambs were fed protein in liquid suspension or dry 
form at suboptimal amounts. Live weight gain C232 vs 200 
g/day) and nitrogen retention (7.27 vs 6.70 g/day) were 
greater with liquid feeding which relied on the esophageal 
groove reflex.
Hedde et al. (53) evaluated the effects of feeding milk 
replacer via the abomasum versus the rumen on the efficiencies 
of protein, energy, and feed utilization. Calves fed liquid 
milk replacer via the abomasum gained more weight (.99 vs .75 
kg/day) and had better feed efficiency (2.35 vs 3.17 
feed:gain) compared to calves consuming dry milk replacer. 
Apparent protein digestibility (83.5 vs 78.8%), nitrogen 
retention (26.4 vs 22.4% of nitrogen intake), and energy 
digestibility (86.8 vs 82.0%) were all improved by feeding 
milk replacer via rumen bypass. These results emphasized more 
efficient utilization was achieved postruminally.
The effect of administering proteins to wethers orally or 
abomasally was studied by Little and Mitchell (67). Wethers 
were fed purified soybean protein or zein in a dry form or as a 
liquid slurry placed in the abomasum via a cannula. 
Digestibilities of dry matter, protein, and cellulose were 
similar for both administration methods when soybean protein 
was utilized. However, nitrogen retention was greater (2.61 
vs 1.64 g/day) with the abomasal method. Wethers receiving 
zein abomasally had lower protein digestibility (54.86%) 
compared to those administered orally (71.98%). All other
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measurements of nitrogen balance and digestibility were 
similar for both methods. Casein and gelatin were also fed to 
wethers to compare abomasal and oral administration. 
Digestibilities of dry matter, protein, and cellulose were 
similar for both methods with each protein source. Nitrogen 
retention was improved by abomasal administration of casein 
Cl.83 vs -.49 g/day) and gelatin (.40 vs .37 g/day) versus 
oral feeding.
Black and Tribe (15) used lambs to compare abomasal and 
ruminal administration of feed on performance. The diet 
utilized for ruminal and abomasal infusion, via catheters, 
was based on cow's milk, whey, glucose, and butter oil. Live 
weight gain (126 vs 72 g/day), whole animal nitrogen retention 
(3.50 vs 1.68 g/day) and energy retention (3.21 vs 1.39 
MJ/day) were greater for lambs fed via abomasal catheters. 
Digestibilities of gross energy (81.0 vs. 73.7%), nitrogen 
(81.3 vs 78.3%) and acid detergent fiber (37.2 vs 30.0%) were 
higher by abomasally infusing the diet and allowing 
postruminal utilization.
The potential for bypass of dietary protein has been 
reduced when the diet contained a large portion of soluble 
protein. Under practical conditions the use of low solubility 
feeds has increased intestinal protein supply and improved 
animal production (58). However, when Holstein cows were fed 
a low degradability diet the first 16 weeks of lactation 
similar milk yield, milk fat, and 4% fat corrected milk yield 
were observed when compared to cows consuming a high
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degradability diet (40).
The ruminant's protein supply consists of bypass dietary 
protein and microbial protein synthesized in the rumen. These 
two sources provide the amino acid supply to the small 
intestine. The solubility of crude protein in the rumen is an 
important factor influencing the extent of degradation or 
bypass. However, other factors related to feeding and 
feedstuffs affect protein utilization.
The high producing dairy cow and young growing ruminant 
would benefit from an increased supply of amino acids to the 
intestine because of high protein requirements. Protein 
bypass, which encourages postruminal nutrient utilization, can 
be done by esophageal groove closure, treatment of protein 
with heat or chemicals, encapsulation, use of amino acid 
analogs, and the manipulation of specific metabolic pathways 
in the rumen microbes.
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Improvement of Ruminant Protein Utilization
Importance of Protein Protection
Enhancing the supply of essential amino acids to the 
productive ruminant is the main objective of protecting 
proteins (123. Treated or naturally protected protein should 
decrease proteolytic attack by rumen microbes by reducing 
ruminal solubility and/or altering the protein molecule to 
prevent enzymatic action but not impair digestion in the small 
intestine. The term "protected" is used to describe dietary 
proteins or amino acids treated chemically and/or physically 
in order to prevent degradation in the rumen, allowing 
postruminal digestion and absorption (16). The potential for 
protected protein in the ruminant can be determined by 
assessing the amino acid supply to the animal and the extent 
to which the supply meets the requirement for the rate of 
production of the animal (12). Dairy cows would benefit from 
protected protein or amino acids when their requirements are 
greater than that supplied to the small intestine via 
microbial and bypass dietary protein (30).
Some proteins escape degradation without any treatment 
while others require treatment with heat or chemicals to have 
potential as a protected protein source. Highly soluble 
proteins are the prime candidates for protection (12). High 
quality protein feed can be more efficiently utilized if large 
fractions of the protein are protected from ruminal 
degradation and digested in the lower tract. The feeding of 
low solubility proteins may help increase the quantity of
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protein available in the lower digestive tract for digestion 
and absorption. However, feeding high quality protein can be 
advantageous only if it improves the quantity and quality of 
amino acids available for absorption. It is wasteful for high 
quality protein to be degraded because ammonia is released in 
excess of what can be efficiently incorporated into microbial 
protein. The breakdown of low quality protein may or may not 
be of benefit to the animal. The advantage is present only if 
the protein quality in postruminal digesta is improved without 
greatly modifying the protein supply to the lower gut (2,28).
Heat is commonly used in the preparation and extraction 
of feedstuffs to improve nutritional value and degrade 
antinutritional factors. Because heat is already used, it is 
convenient to apply additional heat to protect protein (12). 
Heat treatment does reduce ruminal protein degradation, but 
overheating can decrease digestibility in the lower gut by 
forming indigestible bonds between carbohydrate and protein 
(30).
Numerous reports (52,70,125) have discussed that maximal 
microbial synthesis requires sufficient ammonia and a certain 
quantity of either amino acids, peptides, or intact protein. 
Reduced microbial growth may result from the protection of 
feed proteins. Microbial protein usually provides a large 
portion of the protein requirement therefore reduced microbial 
growth may negate any benefits of protected protein. The 
quantity of microbial protein supplied by practical dairy 
rations can vary based on the degradability of the protein
source fed. This is illustrated in Table 1 with
metabolizable protein profiles of three practical diets
utilizing different protein sources (22,23). The
metabolizable protein and urea fermentation potential values
(g/kg) were calculated for corn gluten meal (503.0, -27.5) and
whole cottonseed (101.9, -37.7) because no published values
were available. All three diets were formulated to contain
*
161 crude protein (dry matter basis) and were based on corn 
silage, corn, and a protein source. Metabolizable protein was 
calculated based on an intake of 3.25% of body weight for a 550 
kg lactating dairy cow. A cow of this size requires 1348 g 
metabolizable protein to produce 27.3 kg of 3.51 milk, 1533 g 
to produce 31.8 kg, and 1719 g for 36.4 kg.
Diet A provided 1720 g metabolizable protein using 
soybean meal which was highly degraded in the rumen. In 
comparison corn gluten meal, a natural bypass protein source 
allowed for more metabolizable protein (2200 g), but only 
33.3% was contributed by microbial protein in contrast to 
55.4% for diet A with soybean meal. Feeding a bypass protein 
source could have reduced the level of crude protein and still 
supported a high level of milk production. Reducing the 
amount of protein fed could lower feed costs, an important 
aspect in the consideration of bypass protein. Diet C 
required the addition of soybean meal with whole cottonseed to 
balance the ration for crude protein. Diets A and C were 
similar in the quantity of bypass protein contributed, but C 
provided less metabolizable protein as microbial protein.










Corn silage 9.1 212 292 129 421 633
Corn 5.6 191 211 147 358 549
Soybean meal 3.1 364 174 - 174 538
Total 17~S 767 577 £76 953 1710' 57.T
Diet B 
Corn silage 9.1 212 292 292 504
Corn 6.4 219 241 241 460
Corn gluten meal 2.3 1036 136 645 200 1236
Total 1778 ~M57 559 777 JIM 33.3
Diet C
Corn silage 9.1 212 292 129 421 633
Corn 3.4 115 126 88 214 329
Soybean meal 2 . 0 238 114 - 114 352
Whole cottonseed 3.3 214 124 - 124 338
Total lT'.ff 775 656 2T7 577 1651 STM
^Actual = metabolizable protein supplied by microbial protein potential of feed;
From +UFP = metabolizable protein supplied by microbial protein from positive urea 
fermentation potential;
Total = sum of actual and from +UFP.
2Metabolizable protein supplied from bypass feed protein.
Total metabolizable protein supplied from bypass and microbial protein.
^Percent of total metabolizable protein supplied by microbial protein.
^Due to large +UFP, maximum microbial synthesis (64 g) is limited to -UFP from corn 
gluten meal.
23
However, the total metabolizable protein supplied as microbial 
protein by all three diets was not sufficient to meet the 
requirements of the cow producing 27.3 kg milk.
It has been difficult to achieve a desired level of 
protein protection by, commercial heat treatment (30). 
Experimentation might determine optimal treatment procedures 
to protect protein. However, factors such as the amount of 
amino acids and protein leaving the abomasum, intestinal 
digestibility of the protein, and production of ammonia and 
volatile fatty acids must be considered. Determination of 
these factors has been accomplished using animals fitted with 
reentrant duodenal and rumen cannulas. In addition, abomasal 
cannulas have been used for the evaluation of protein 
protection based on abomasal contents (50).
A response to protected protein has been observed in 
ruminants with high protein requirements such as early 
lactation dairy cows (12). Dairy cows benefitted from a 
protected protein source when the supply to the small 
intestine via microbial and dietary bypass protein was less 
than requirements (30). High producing dairy cattle must 
absorb adequate amounts of amino acids from the small 
intestine to provide for the synthesis of milk protein and 
maintenance of body tissues. During peak lactation the amino 
acids absorbed from the small intestine might not have been 
adequate to meet the cow's requirement, thus the animal's 
potential was not realized (47). Hagemeister (50) reviewed 
the relationship of protein supply and energy intake.
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Insufficient energy intake occurs in high producing cows which 
has resulted in a shortage of protein supply and the need for 
protected protein. Increasing the amino acid supply for small 
intestine absorption has been accomplished with rations having 
a low soluble nitrogen content (47). If one tried to 
alleviate the protein deficit using unprotected protein (70% 
degraded), 3.3 times the protein requirement would be needed. 
At 70% degradability excessive ammonia would be produced which 
would not only be wasteful but potentially toxic.
At the start of lactation protein requirement rapidly 
increases. Microbial protein alone can not meet this 
requirement (Table 1), thus additional protein is needed 
to supplement microbial outflow. As milk production increases 
the yield of amino acids from microbial protein is inadequate 
for those needed for incorporation into milk protein (89).
Heat Treatment for Protein Protection
Processing methods can be used to increase or decrease 
ruminal degradation of protein. Normal manufacturing 
processes can influence the magnitude of degradation. Heat is 
usually applied or generated in most of these processes (24). 
There are a variety of processing methods available for use. 
These include grinding, popping, extruding, dry rolling or 
cracking, roasting, micronizing, pelleting, soaking, 
exploding, steam rolling, steam processing and flaking, 
pressure cooking, and reconstitution (27).
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Protection of protein by artificial means, like 
processing, provides a good way to supply a consistently low 
degradability protein source suitable to feed high producing 
ruminants. Protein feedstuffs can be modified with controlled 
processing methods which allow maximum protection from ruminal 
degradation without decreasing digestibility in the intestine. 
Processing techniques for protein sources can be optimized 
with regards to quantity, amino acid pattern, and price (58).
Broderick (17) detailed the role of processing on protein 
solubility. Processing reduced protein solubility in the 
rumen which improved utilization in the ruminant. Even though 
degradation in the rumen may be reduced, intestinal 
digestibility may improve. This may be due to the fact that 
proteolysis in the small intestine is more efficient versus 
that in the rumen. The result will be greater net 
absorption of amino acids at the intestinal level because more 
amino acids are available for absorption. However, if 
solubility is decreased too much a reduction in overall 
protein utilization will occur. Protein that is over­
protected will be excreted in the feces.
Heat treatment was one of the fiTst processing techniques 
used to improve dietary protein utilization in the ruminant. 
Heating contributed to the cross-linking between and within 
protein molecules, primarily because of reactions between free 
amino groups and other reactive groups on the amino acid 
residues (45). Heat also decreased the susceptibility of 
protein to proteolytic attack in the rumen by physically
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diminishing contact of the protein with microbial enzymes. 
This reduced contact was a result of both decreased protein 
solubility at normal rumen pH and blocked sites of enzymatic 
attack. However, these proteins became available in the lower 
tract after passing through the acidic abomasum (17).
Sherrod and Tillman (111) used sheep to evaluate 
cottonseed meal autoclaved at 121°C and 1.06 kg/cra2 for 0, 60, 
120, 180, and 240 minutes. Nitrogen retention was the highest 
for the 60 minute treatment. Beyond 60 minutes, nitrogen 
retention declined at a relatively constant rate. These 
results were also supported by a lamb growth trial. Lambs 
consuming the meal treated for 60 minutes gained faster and 
had better feed efficiency in comparison to the lambs fed the 
other meals.
Cottonseed meal heated by steaming and autoclaving was 
evaluated in two sheep trials (36). The first trial utilized 
autoclaved meal processed at 121°C and 1.05 kg/cm2 for 30, 45, 
60, 75, and 90 minutes. The nitrogen solubility of the meals 
ranged from 40% for the 30 minute treatment to 33.1% after 90 
minutes. Maximum nitrogen retention required a 45 to 75 
minute autoclaving time. A second study subjected the meal to 
95°C live steam at atmospheric pressure for 10, 20, 40, 60, 
80, and 100 minutes. Nitrogen solubility ranged from 98.6% 
for unheated meal to 73.5% after 100 minute processing. All 
heat treatments decreased digestible protein compared to the 
unheated meal. Nitrogen retention, as a percent of intake, 
improved with heating, but at times of 60 minutes or greater
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retention was lower.
An earlier study by Sherrod and Tillman (110) evaluated
soybean and cottonseed meals autoclaved at 121°C and 1.06
2
kg/cm steam pressure for 45 and 90 minutes. Sheep fed these 
meals demonstrated reduced protein digestibility with heat 
treatment. The heated cottonseed meals were approximately 6 
to 8% lower in digestibility compared to the heated soybean 
meals. In addition, the unheated cottonseed meal was also 
about 7% lower in digestibility compared to unheated soybean 
meal. Autoclaving improved nitrogen retention of both meals
based on percent of nitrogen intake, and absorption. Fecal
and urinary nitrogen losses were directly and inversely 
related to the time of autoclaving. Loss of urinary nitrogen 
decreased at a greater rate than the increased loss of fecal 
nitrogen.
Feeding soybean meal heated for 4 hours at 149°C improved 
the performance of early weaned lambs compared to those 
receiving unheated meal (43). Weight gains were improved for
lambs consuming a 12% crude protein diet containing heated
meal. However, there was little difference in weight gains of 
lambs fed heated and unheated meals in a 17.2% crude protein 
diet. Overall, lambs retained more nitrogen, 3.44 vs 2.50 
g/day, when consuming the heated meal. The percentage of 
digestible nitrogen retained by lambs receiving the 12.1% diet 
with heated meal was 37.78% compared to 16.96% for lambs 
consuming unheated meal at the same protein level. The 
response of lambs consuming the 17.2% diet was similar
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regardless of which meal was fed because the protein level 
fed was too high for a bypass protein effect.
Hudson et al. (56) used young lambs to study the effect 
of feeding regular and heated soybean meal in 10, 12, and 14% 
crude protein diets. The heated meal was processed at 149°C 
for 4 hours. Digestibility and nitrogen retention were 
similar for lambs receiving regular and heated soybean diets, 
but gain and feed efficiency improved with lambs fed the 
heated meal. Another lamb trial by Hudson et al. (57) 
evaluated the effect of feeding soybean meal heated at 149°C 
for 4 hours compared to unheated soybean meal on nitrogen 
utilization. Dry matter, total nitrogen, and non-protein 
nitrogen per ml of abomasal fluid were significantly greater 
for lambs fed the heated meal. On a dry matter basis, the 
protein-nitrogen content of abomasal fluid was similar for 
both diets, but total nitrogen and non-protein nitrogen were 
higher with the heated meal.
Tagari et al. (122) fed rams soybean meals having protein 
solubilities, of 61.2, 40.7, and 13.1%. The meals, from
highest to lowest solubility, were prepared by solvent 
evaporation at room temperature; heating at 80°C fOT 10 
minutes to remove the solvent; and steaming for 15 minutes at 
120°C. Feeding lower solubility meals improved nitrogen 
retention. Nishimuta et al. (83) used lambs to study the 
nitrogen metabolism of treated soybean meals. Heat (4 hours 
at 149°C), formalin (10% solution at a rate of 1 g/100 g 
soybean meal), and tannic acid (meal mixed with water, 5% w/w,
then powdered tannic acid added, 9% w/w) treated meals were 
compared to regular soybean meal. All treatments increased 
fecal nitrogen and decreased urinary nitrogen excretion, thus 
improving nitrogen retention. The heated meal provided the 
greatest percent nitrogen retention and digestibility. 
Another study (84) utilized the same treated meals to measure 
rumen bypass using abomasally cannulated steers. The quantity 
of total nitrogen, non-protein nitrogen, and protein-nitrogen 
reaching the abomasum increased by feeding heated meal. 
Treatment with formalin increased total nitrogen and protein- 
nitrogen only. Tannic acid decreased the quantity of nitrogen 
components reaching the abomasum which suggested inadequate 
protein protection.
A 16 week lactation trial (2) using 18 Holstein cows was 
conducted to evaluate the effect of heat treating soybean 
meal. The meal was processed in an extruder at a maximum 
temperature of 120°C. Cows averaging nine weeks postpartum 
were fed concentrate mixes containing 50% of the crude protein 
content from heated or regular soybean meal plus ad libitum 
corn silage and 2 to 3 kg alfalfa-brome hay/day. Milk yield 
and composition were similar for both groups. There was also 
no difference in the nitrogen balance of cows fed either 
treatment. Milk production might have been greater for cows 
fed the heated meal if they had been used earlier in 
lactation. However, the 120°C extrusion temperature might 
have been too low to protect the protein for bypass. In a 
-similar trial (104) regular and heated soybean meals were
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evaluated in a 16 week lactation trial using cows 4 weeks 
postpartum. Soybean meal was extruded as described by Ahrar 
and Schingoethe (2), or prepared by additional heating during 
desolventizing. Concentrate mixes contained 21% of each 
soybean meal. Cows fed the heated meals produced more milk 
and 4% fat corrected milk in comparison to those receiving 
regular meal. Milk composition was similar for all treatments 
except the heated meal which resulted in a significantly lower 
milk solids percentage. Dry matter consumption was greater 
for regular and extruded meal diets versus the heated meal 
diet. The production response observed in this trial, in 
contrast to Ahrar and Schingoethe (2), was probably because 
these cows were used earlier in lactation.
Soybean meals with a protein dispersibility index (PDI) 
of 10 and 40, indicating low and high solubility, were fed at 
two protein intakes to lactating cows (82). High and low 
protein were distinguished as 52 and 32% of protein intake 
being contributed from soybean meal protein. Overall, cows 
consuming the low solubility meal had greater milk production 
(23.7 vs 23.0 kg/day) and milk production per unit of dry 
matter consumed (1.24 vs 1.20). Milk protein and fat 
percentages were not influenced by treatment.
Pena and Satter (93) fed isocaloric, isonitrogenous diets 
containing regular or heated soybean meal to cows in mid 
lactation. The heated meal was fed with and without urea. 
Milk production was similar for all three treatments. A 
second study utilized heated soybeans in place of heated
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soybean meal in isonitrogenous diets. Milk production was 
improved by feeding heated soybeans compared to soybean meal,
31.2 vs 29.9 kg/day. The improved production observed by 
feeding the soybeans was probably both a bypass protein and 
energy response. Early lactation cows might have had higher 
milk yields if they had been utilized in this study.
Early lactation cows were fed corn silage with soybean 
meal in 11, 14, and 17% crude protein diets, or regular or 
ammoniated corn silage with soybean meal heated for 2.5 hours 
at 140°C in 14 and 17% crude protein diets (64). Milk
production increased with higher protein diets. Within the 14 
and 17% diets, the heated meal improved production when 
compared to the unheated meal. The 11% diet was too low in 
protein for a response to be observed. Four lactating cows, 
averaging 55 days postpartum, fitted with cannulas were fed 
17% crude protein rations containing regular or ammoniated 
corn silage with heated or unheated soybean meal (65). These 
treatments had no influence on milk production or composition.
The flow of nitrogen to the small intestine as well as
apparent nitrogen digestibility in the small intestine were 
not different between the treatments.
Soybean meal and soybean flakes heated at 250°C for 30 
minutes, 250°C for 20 minutes, 215°C for 20 minutes, and 180°C 
for 25 minutes were evaluated by Grummer and Clark (47) using 
lactating Holsteins. The five rations ranged in nitrogen
solubility from 21.7 to 34.4%. The highest production level 
(32.9 kg/day) was for cows consuming soybean flakes heated at
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21S°-C and the lowest production was 30.8 kg/day for cows 
consuming the 180°C treatment. These two levels were
significantly different; however, all cows had similar 4% fat 
corrected milk production. Milk composition was affected very 
little by feeding heated soybean protein.
Regular soybean meal and heat-treated or unheated 
soybeans were fed to lactating cows in a 12 week trial (3 
periods of four weeks each) utilizing a switch-back design. 
The heated soybeans were an extruder processed (160°C) product 
containing 90% ground soybeans. The concentrate mixes
contained corn and a protein source formulated at 151 crude 
protein and were fed at 1 kg per 3 kg milk produced. The only 
difference observed between treatments was a higher percentage 
of milk protein for the cows fed soybean meal. There was a 
trend for improved milk production, 4% fat corrected milk 
production, and milk fat by feeding the heat-treated beans 
(78).
Pena et al. (94) evaluated roasted soybeans using nine 
mid to late lactation Holsteins in a triple 3x3 Latin square 
design. Diets containing 17% crude protein included raw beans 
or beans roasted at 300 or 370°C. These reported temperatures 
were very high and might possibly have been incorrect or °F. 
The soybeans supplied 54% of the total dietary protein. The 
quantity of milk produced per unit of dry matter and crude 
protein intake increased with more severe heat treatment. 
Ruminal ammonia for cows consuming raw soybeans was 8.6 mM 
compared to 5.4 and 3.6 mM for the 300 and 370°C treatments.
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Concentrate mixtures containing 38% ground soybeans were 
fed to lactating cows in two separate trials (60 day 
reversal). The soybeans were fed raw or roasted at 188°C for 
3.5 minutes. Intake of the concentrate improved by roasting 
the soybeans in trial one (9.9 vs 8.5 kg/day) and trial two 
(10.6 vs 8.3 kg/day). Fat corrected milk production was 
improved by feeding roasted beans in both trials, 16.4 vs 14.6 
kg/day and 13.6 vs 13.2 kg/day. The apparent digestibility of 
dry matter, crude protein, crude fiber, and ether extract was 
similar for the raw and roasted soybean diets (99).
Fifty eight cows in early lactation were fed heat-treated 
soybeans at a rate of 25% of the concentrate or soybean meal at 
20% of the concentrate. Cows consuming heat-treated soybeans 
produced more milk (37.0 vs 36.2 kg/day), milk fat (3.59 vs 
3.50%), and also consumed more concentrate dry matter (11.6 vs
11.2 kg/day) compared to cows fed soybean meal (102). Heat 
treatment reduced rumen protein degradability which allowed 
for greater bypass and in turn improved performance.
Whole soybeans heated at 100, 120, 140, 160, 180, and 
200°C for 4 and 8 hours were evaluated for digestibility by Yu 
(135). Longer heating times and higher temperatures resulted 
in a significant decrease in nitrogen degradability, in vitro 
and in vivo. Yu indicated that heating soybeans at 
temperatures above 140°C would probably reduce nitrogen 
degradation in the rumen and small intestine. In comparison 
to Pena et al (94), the performance observed at the roasting 
temperatures reported were questionable based on the work by 
Yu.
Stern et al. (120) evaluated soybeans extruded at 132 and 
149°Cf whole soybeans, and soybean meal using mid to late 
lactation Holsteins fitted with rumen cannulas and T-type 
cannulas in the proximal duodenum and terminal ileum. No 
treatment effect was observed for milk production or
composition. Apparent degradation of dietary protein in the
stomach, as a percent of intake, was the lowest for the 149°C 
treatment, 60.1%, compared to the 132°C product, 66.1%, 
soybean meal, 72.71, and whole soybeans, 79.7%. The flow and 
absorption of amino acids at the small intestine were improved 
by extrusion treatment. Protein requirements for mid to late 
lactation cows were not great enough for the cows to benefit 
from the bypass protein provided by heat treatment.
Raw soybeans were compared to soybeans extruded at 150°C 
for early lactation cows (128). Each cow received 2.27 kg/day 
of raw or extruded beans with corn silage and concentrate in a 
complete mixed ration. Because milk fat was depressed the
authors felt that there was no advantage to feeding extruded 
soybeans. Cows used in this trial were 10 weeks postpartum 
when it began; a response may have been observed if the cows 
were used earlier in lactation.
Annexstad et al. (6) used 20 primiparous and 28
multiparous Holstein cows to compare three extruded soybean- 
corn gluten meal mixtures to soybean meal. The supplemental 
protein provided 271 of the total protein in the ration. The 
treatments, as a percent of supplemental protein, consisted of 
100% soybean meal and. 75:25%, 50:50%, and 25:75% mixtures of
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extruded soybeans and corn gluten meal. There was no 
advantage to feeding extruded soybean-corn gluten meal 
mixtures in place of soybean meal.
Total mixed diets containing roasted whole soybeans, 
soybean meal, or whole cottonseed were fed to lactating cows 
to evaluate milk production and composition response (10). 
Each group consisted of eight Holsteins, two Guernseys, and 
five Jerseys. Milk production was the greatest for cows 
consuming roasted whole soybeans, 25.2 kg/day, compared to 
soybean meal, 24.2 kg/day, and whole cottonseed, 24.5 kg/day. 
Values for 4% fat corrected milk were similar. Percent milk 
fat and protein were the lowest, 4.16 and 3.17%, for the 
roasted treatment compared to the whole cottonseed, 4.33 and 
3.37%, and soybean meal, 4.41 and 3.39%, treatments.
Ruminant protein utilization can be improved by the 
protection of protein, physically and/or chemically, which 
allows a greater supply of amino acids to reach the small 
intestine. The additional amino acids resulting from protein 
protection can be beneficial when microbial protein and 
dietary protein bypass can not adequately supply requirements.
Processing methods can be used to reduce protein 
degradation in the rumen. Heat treatment is implemented in 
most of these processes. Favorable results from feeding heat 
treated protein feeds have been observed in ruminants with 
high protein requirements.
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Methods for Estimating Protein Degradation or Bypass
The need for an assay to predict protein degradability 
is reflected in the importance placed on undegradable protein 
for ruminants. An assay of this type should be highly 
correlated with rumen undegradability (129). Protein 
degradation can be measured by three basic approaches; the use 
of laboratory procedures, sampling of duodenal or abomasal 
contents, and incubation of feedstuffs in the rumen using
synthetic fiber bags (89). In addition to these methods
degradation estimates can be obtained by the manipulation of 
feeding trial data (61).
Laboratory procedures or in vitro techniques .used to 
assess protein degradation include solubility in buffers and 
other solvents, rate of hydrolysis using various proteases, 
ammonia release using rumen inoculum, and total amino acids 
plus ammonia release in rumen inoculum using a metabolic 
inhibitor of deamination (19). In vitro methods provide
estimates of degradation, not actual degradation. The
combination of degradation rate with rumen fluid turnover rate 
may give determinations that estimate degradation similar to 
in vivo measurements (123).
In vivo measurements can be done by sampling the contents 
of the abomasum or duodenum from cannulated animals. These 
animals can be used to estimate undegraded protein as the 
difference between total and microbial protein entering the 
small intestine or abomasum. Measuring portions of degradable
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protein via sampling from a postruminal cannula is time 
consuming and difficult. In addition sampling from a cannula 
provides only a single estimate of degradation of the proteins 
used in a specific feeding program (73,123).
The in situ method determines protein degradation by 
suspending porous bags that contain samples of protein feed­
stuffs in the rumen (19). This method is advantageous because 
it provides quick digestibility estimates under ruminal 
conditions. Disappearance from in situ bags is assumed to be 
the same as degradation (92). However the protein sources in 
the bags are not completely subjected to actual rumen 
metabolism (123).
The methods of protein solubility, in vitro ammonia 
production, and in situ disappearance will be discussed in 
more detail below.
Protein Solubility Methods
Solubility is a simple way that feeds can be ranked in 
terms of potential degradability. Nitrogen solubility 
measures the portion of total nitrogen immediately available 
for microbial degradation, but does not define degradability 
of nitrogen which is not soluble immediately (132). The goal 
of solubility techniques is to estimate or predict digestible 
or absorbable feed protein that bypasses the rumen and enters 
the small intestine (130).
Procedures used to extract nitrogen from feedstuffs have 
resulted in a variety of soluble nitrogen measurements for
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similar feedstuffs. The variability reported indicated a need 
for an accurate, repeatable method to determine protein 
solubility which represents ruminal protein degradation
(19.34.133). Several protein solubility assays have been 
used, but a single method has not been generally accepted. 
Methods that have been utilized included .02N NaOH, boiling 
water, cold water, .15M NaCl, Burroughs' mineral mixture, 70% 
ethanol, autoclaved rumen fluid, McDougall's artificial saliva 
and phosphate buffer (19,45,123,130). Several factors related 
to the type of solvent have influenced solubility 
measurements. These included temperature, ionic strength, pH, 
solute concentration and/or type, extraction time, and degree 
of agitation (133). Protein type was also important to 
solubility in different solvents. Prolamins and glutelins 
were solubilized in alcohol, acids, and bases while albumins 
and globulins were soluble in water and salt solutions
(118.133).
Several studies have demonstrated the solubility 
differences between solvents and feedstuffs. Loerch et al. 
(68) used .02N NaOH, 10% Burroughs’ mineral mixture, .867% 
NaCl, and McDougall's artificial saliva to measure solubilized 
nitrogen in a variety of feedstuffs. Sodium hydroxide 
resulted in the highest values for solubility in feedstuffs 
such as corn gluten meal, soybean meal, blood meal, casein, 
dehydrated alfalfa, and meat and bone meal. Burroughs' 
mineral mixture, McDougall's saliva, and NaCl resulted in 
lower solubility measurements, but there was no consistent
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pattern. Artificial saliva at pH levels of 5, 6, and 7 was 
also used to distinguish solubility as related to the protein 
isoelectric point. Soybean meal increased in solubility from 
7% at pH 5 to 16,7% at pH 6 to 24.9% at pH 7. Blood meal was 
quite low in solubility at pH 5 and 7, 2.5 and 2.4%, but even 
lower at pH 6, .61. Casein solubility drastically changed
with increasing pH, 3.9, 49.8, and 90.8%. Increasing pH
tended to increase solubility. This solubility-pH
relationship influences degradation as the protein passes from 
the rumen to the small intestine.
Rumen fluid and distilled water resulted in similar 
measurements for feedstuffs such as soybean meal, 19 and 16%, 
heated soybean meal, 10 and 11%, and corn gluten meal, 13 and 
11%. A .02N NaOH solution resulted in solubility 
determinations of 81% for soybean meal and 30% for heated 
soybean meal which was similar to corn gluten meal at 32% 
C66).
Waldo and Goering (130) used four methods to measure the 
protein solubility of ruminant feeds. The methods utilized 
were ,15M NaCl, 10% Burroughs1 mineral mixture, and autoclaved 
rumen fluid for 6 hours at 39°C, and boiling water for 1 hour. 
Solubility values were quite variable between and within 
feeds. In general, solubility was, from lowest to highest, 
autoclaved rumen fluid, boiling water, NaCl, and Burroughs' 
mineral mixture. All of these methods differed from each 
other for solubility measurements.
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Aguilar et al. (1) evaluated nitrogen solubility using 
three buffers: bicarbonate phosphate, borate phosphate, and
McDougall's artificial saliva. Corn gluten meal was 18.0, 8.0 
and 7.8% soluble in the three buffers; the solubility of 
soybean meal was 15.5, 15.0 and 20.5%. In comparison to the 
results of Aguilar et al., Baxter et al. (11) found soybean 
meal to be 59.0, 43.6, 25.0 and 22.1% soluble in boiling 
water, autoclaved rumen fluid, Burroughs' mineral mixture, and 
.15M NaCl.
Crooker et al. (33) measured protein solubility using 
NaCl, autoclaved rumen fluid, and Burroughs' mineral mixture, 
regular and modified by replacing ammonium sulfate with sodium 
sulfate. Measurements were done at ionic strengths of .11, 
.15, and .19. Ionic strength was defined as J = h 2 ci^i * 
where i = ionic species, Z = valence, and c = molar 
concentration (34). Ionic strength had no affect on the 
solubility of feedstuffs. The variation observed between 
solvents was not constant. The solvent composition and type 
of protein played a major role in the variability■observed. 
Another study (34) also evaluated the effect of ionic strength 
on solubility in various solvents. Soluble nitrogen values 
were not influenced by ionic strengths ranging from .11 to 
.19. Burroughs' mineral mixture, regular and modified as 
described by Crooker et al. (33), and NaCl were compared to 
autoclaved rumen fluid and McDougall's artificial saliva. 
Measurements from NaCl and Burroughs' mineral mixture were 
similar to autoclaved rumen fluid. Modified Burroughs'
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mineral mixture was different when compared to McDougall's and 
rumen fluid. The amount of nitrogen extracted from one 
feedstuff did not change at a constant rate between solvents. 
The changes were not only additive but were a result of many 
feed-protein-solvent interactions.
Nitrogen solubility measurements in McDougall's
artificial saliva, 101 Burroughs' mineral mixture, .15M NaCl,
autoclaved rumen fluid, borate phosphate buffer, and 
bicarbonate phosphate buffer were evaluated by Krishnamoorthy 
et al. (623. Nitrogen extraction was variable depending on 
the solvent and type of feedstuff. Soybean meal contained 
11.3% soluble protein with autoclaved rumen fluid and ranged 
up to 21.5% soluble protein using NaCl. The lowest value
obtained with oats was 39.8% using NaCl and the highest value
was 79.0% using rumen fluid. These researchers noted that 
autoclaved rumen fluid was the best, but its content was 
variable because of daily fluctuations in rumen microbial 
population. Burroughs' mineral mixture had the disadvantage 
of a short shelf life while NaCl had no buffering capacity.
A study by Schingoethe and Ahrar (108) evaluated the 
effect of extrusion on the protein solubility of soybean meal 
and sunflower meal. Extrusion was conducted at temperatures 
reaching a maximum of 120°C.. Heating reduced the solubility 
of both meals as measured by Burroughs' mineral mixture and 
.26N NaCl. The nitrogen in sunflower meal was 60 to 80% more 
soluble than soybean meal nitrogen. This was due to the fact 
that soybean meal contained more prolamins and glutelins in
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proportion to albumins and globulins. The major protein 
fractions of unheated soybean meal were globulins and 
albumins, but these declined with heating, especially moist 
heat versus dry. Wohlt et al. (133) evaluated feedstuffs 
grouped by major protein fractions. Protein solubility in 
Burroughs' mineral mixture averaged 19.71 for feeds composed 
of prolamins and glutelins and 39.9% for those composed of 
albumins and globulins. The lower solubility measurements for 
feeds with high proportions of prolamins and glutelins 
coincides with the observations made by Schingoethe and Ahrar 
(108).
A comparison of nitrogen solubility to in vitro protein 
degradation of heat treated cottonseed meal was reported by 
Craig and Broderick (31). Solubility was determined using 
McDougall's buffer, 10% Burroughs’ mineral mixture, and .02N 
NaOH. Cottonseed meal evaluated in this study was autoclaved 
at 121°C for 0, 15, 30, 60, 90, and 120 minutes. Solubility in 
.02N NaOH was 2.2 to 5.6 times greater than that determined by 
Burroughs' mineral mixture. McDougall's buffer resulted in 
intermediate solubility values of 1.1 to 1.9 times that of 
Burroughs' mineral mixture. Unheated meal was 93.9, 61.3, and 
42.4% soluble in McDougall's, Burroughs' and NaOH. 
Solubilities decreased to 81.1, 43.0, and 22.7% after 15
minutes of autoclaving. Meal processed 120 minutes was only
25.6, 13.8, and 10.4% soluble. These researchers found in 
vitro protein degradation to be related to solubility in .Q2N 
NaOH more consistently than the other solvents. In general,
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nitrogen solubilities alone were not sufficient indicators of 
cottonseed meal protein degradation in the rumen as estimated 
in vitro. There was substantial in vitro degradation of 
cottonseed meal proteins that were insoluble in buffers 
similar to rumen fluid. The degradation of the insoluble 
nitrogen fraction must be considered when nitrogen solubility 
is used to estimate degradation in the rumen. The portion of 
degradable protein in cottonseed meal represented as insoluble 
nitrogen could vary depending on the severity of heat 
treatment.
In Vitro Ammonia Production
Ammonia is the primary end product of protein degradation 
in the rumen and the principal form of nitrogen required by 
most rumen bacteria. However, some of the protein in a 
natural diet bypasses the rumen and is not deaminated to 
ammonia. Ammonia is easily measured, but the success of 
relating the rate of rumen ammonia formation to the rate of 
feed protein degradation, in vivo, is limited. The failure in 
this relationship is likely because of the usual daily 
variation in rumen fluid ammonia concentrations and because 
sources other than feed protein produce ammonia. An in vitro 
system has neither absorption or recycling of nitrogen as in 
an in vivo system. Thus, ammonia may not begin to accumulate, 
in vivo, at the same dietary protein level observed in vitro 
C21,70,107).
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The use of in vitro ammonia production as a degradation 
index has been used to measure the ammonia concentration 
resulting from production and microbial utilization. The 
concentration of ammonia was greatly influenced by the 
quantity and nature of carbohydrate fermented (80). Satter 
and Roffler (107) observed ammonia accumulation when the 
nitrogen equivalent of 12 to 15% dietary crude protein was 
added to an in vitro system.
Inaccuracies have been identified with methods involving 
ammonia for two reasons (18). The first was that using the 
accumulation of ammonia as an index of degradation was 
complicated because ammonia uptake for microbial synthesis 
reduced degradation estimates. This was especially true of 
feedstuffs containing large portions of readily fermentable 
carbohydrate and was exemplified by low and negative rates of 
apparent ammonia release observed for grains. The other 
reason was that the accumulation of protein degradation end 
products did not account for the rate of passage of protein 
which along with degradation rate determined ruminal protein 
bypass. These two factors described above should be 
considered when a method is developed to estimate proportions 
of dietary protein bypassing the rumen.
Broderick (19) described the in vitro ammonia production 
system as a commonly used procedure which enabled the handling 
of a large number of samples. The determination of 
degradation rates with in vitro ammonia production has fallen 
to disuse because of poor replication and variability in the
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microbial incorporation of ammonia due to differences in feed 
energy content. Degradation based on ammonia release has the 
disadvantage of microbial growth occurring simultaneously with 
the degradation of protein. Experimental data has been 
interpreted without regard for the relationship of ammonia 
release on microbial uptake. In vitro rates of degradation 
have not been well correlated with in vivo measurements 
(19,123,132).
Thomas et al. (124) used in vitro ammonia accumulation to 
measure the effect of heat on soybean meal. Incubations of 
.5, 2, 4, 6, 8, and 10 hours were conducted with soybean meal 
heated at 127, 138, and 149°C for 4 hours. Ammonia
accumulations were compared as the percent reduction measured 
versus unheated meal. Ammonia accumulation with the 127°C 
meal was 354 lower than unheated soybean meal's at .5 hour, 
increased to 38% after 4 hours, but gradually declined to 29% 
after 10 hours. Heating at 138°C reduced ammonia 47% at .5 
hour and 97% after 4 hours. After 10 hours the reduction was 
93%. The 149°C meal reduced ammonia accumulation by 67 and 
98% at .5 and 2 hours and by more than 100% after 2 hours.
Little et al. (66) measured free ammonia by incubating 
regular soybean meal and meal heated at 110°C for 24 hours. 
Ammonia production was described as the increase above control 
values. Production increased 4.2, 7.3, 9.2, and 10.2 mg/dl 
after 1, 2, 3, and 4 hours of incubation for soybean meal. In 
comparison, heated soybean meal provided values of 2.5, 2.5,
2.5 and 3.0 mg/dl at the same time periods. Corn gluten meal,
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a natural bypass protein source, produced 2.2, 3.1, 3.2, and
1.6 mg/dl more ammonia than the control soybean meal. These 
researchers found no definite relationship between rate of 
ammonia production and nitrogen solubility. However, 
solubility in rumen fluid was more indicative of ammonia 
production than solubility measured in .02N NaOH or distilled 
water. Rumen fluid solubility was highly correlated, r=.93, 
with free ammonia after a 2 hour incubation.
Crooker et al. (34) attempted to correlate protein 
solubilty with actual ammonia production in rumen fluid. 
Feedstuffs were incubated for .25, .5, 1, 2, 4, and 6 hours. 
The highest positive correlations (r = .58 and.67) were
between soluble nitrogen in both autoclaved rumen fluid and 
NaCl and the free ammonia nitrogen concentration after 4 hours 
of incubation with 20% McDougall's buffer and 80% viable rumen 
fluid. Correlations were negative at the start of incubation, 
except for the .5 hour sample, and gradually increased towards 
zero for McDougall's buffer and either normal Burroughs' 
mineral mixture or one modified by replacing ammoni.um sulfate 
with sodium sulfate. The varying quantities of fermentable 
carbohydrate in the feedstuffs most likely contributed to the 
lack of relationship between ammonia and soluble nitrogen 
determinations. These researchers concluded that rate of 
protein degradation was not necessarily reflected in ammonia 
concentrations in vitro.
Whole cottonseed heated using dry and moist heat at 
temperatures ranging from 120 to 180°C for 0 to 120 minutes
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were evaluated by in vitro ammonia concentration to determine 
the effect of heat treatment (96). Ammonia production was 
measured after 3, 4, 5, 6, and 7.5 hour incubations.
Autoclaving at 120°C reduced ammonia concentration only after 
60 minutes, 10.2 vs 13.8 mg/dl. Dry heating at 120°C for up to 
2 hours provided little change in ammonia concentration, 10.8 
vs 11.6 mg/dl. Forty minutes of heating at 140°C decreased 
ammonia production, 6.3 vs 11.5 mg/dl. Heating at 160°C for 
20 minutes and 180°C for 12 minutes both decreased ammonia, 
2.2 and 6.3 vs 10.3 mg/dl. As temperature increased from 120 
to 180°C, a linear decline, r=.96, in ammonia concentration 
was observed with 20 minutes of heating. Combinations of time 
and temperatures used were not discussed therefore it was hard 
to compare these results to others.
In Situ Disappearance
Degradation estimates have been measured using 
postruminally cannulated animals for the determination of 
microbial and dietary protein. This method can not be used 
routinely because of the surgical preparation of animals, 
length of time needed for measurements, and analytical 
difficulties. The artificial bag technique has been favored 
to obtain degradation estimates because it can provide 
simultaneous information on the extent and rate of degradation 
(42).
Interest in the use of the in situ technique arose 
because of a need to measure the fraction of feed constituents
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susceptible to rumen fermentation. Rate of ruminal 
degradation of protein affects the nitrogen supply to the 
microbial population and the protein supply available for 
intestinal digestion (63,77).
The in situ method, as described by Wilson and Strachan 
(132), was based on the suspension in the rumen of porous bags 
containing feed. This process provided the opportunity to 
follow the rate of protein degradation over time and also to 
study the residue remaining in the bag after incubation to 
estimate the qualitative contribution of undegraded protein to 
the duodenum. This technique measured the loss of soluble 
matter from bags that were permeable to rumen fluid and 
microbes but retained insoluble protein. However, the factors 
influencing the rate of feed particle breakdown in bags 
differed from those influencing digestibility. The bags 
provided a useful measure of rate and extent of degradation, 
but they did not provide an estimate of feed retention time in 
the rumen (9,47,80).
The artificial bag technique has been advantageous 
because it provided a quick nutrient digestibility estimate 
under ruminal conditions. It has had potential merit for 
assessing the quality of a wide range of ruminant feedstuffs, 
but reliable estimates have only been achieved by calibration 
against in vivo measurements (77,121). Despite the advantages 
of the in situ method, problems have occurred. The main 
weaknesses of this technique have been the difficulty of 
estimating retention time in the rumen and determining whether
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degradation was different when feeding different types of 
diets. The rate and extent of degradation has been determined 
to depend on the ration fed (42). In addition, Broderick (19) 
identified that an important technical problem was the 
adherence to or influx of nitrogenous materials into the bag 
which causes a reduction in apparent nitrogen disappearance.
Disappearance from the bags has been assumed to be 
synonymous with degradation (92). However, protein in the bag 
may not have been completely subjected to the dynamic 
characteristics of the digestive metabolism of the ruminant. 
This might be counteracted to a certain degree by estimating 
protein degradation when 90% of the truly digestible organic 
matter disappears from the bags which may simulate more 
closely in vivo conditions in a normally fed ruminant (123).
Broderick (19) discussed that the disappearance of 
nitrogen from the bags follows a pattern of rapid initial 
disappearance followed by a slower rate of disappearance for 
longer incubation times. The accuracy of the disappearance 
observed might have been limited by factors such as bag size, 
sample size, and bag porosity, especially if these factors 
were not controlled (32). Zinn et al. (136) indicated that 
precision decreases due to lag time between bag insertion into 
the rumen and the start of "normal" fermentation, processing 
of the sample being incubated, lack of microbial adaptation to 
the test material, and the formation within the bag of an 
abnormal microenvironment. High precision of estimates has 
been accomplished by greater constancy of dietary, analytical,
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and animal factors plus the use of a standard reference and 
estimates of both in situ degradation rates and solubility to 
derive the prediction equation for degradation.
Diets fed to animals used for the in situ method should 
have similarity to the situation in which the results would be 
applied (92). The effect of using a variety of protein
sources in the diet of the host cow in relation to in situ
disappearance was studied (68). Nitrogen disappearance of 
soybean meal after 12 hours, was the highest (68.5%) when 
soybean meal was the dietary protein source and was the
lowest, 52.1%, when using urea in the diet. After 24 hours, 
the disappearance of soybean meal was the highest, 96.1%, with 
meat and bone meal as the protein source and the lowest, 
83.2%, with blood meal. Weakley et al. (131) fed lactating, 
rumen cannulated Holsteins diets containing either 80, 60, 40, 
or 25% alfalfa hay. The remainder of the diets was
supplemented with a soybean meal-ground corn mixture to 
balance the diets at 16% crude protein. In situ measurements 
of nitrogen and dry matter disappearance were the lowest using 
cows fed the 25% alfalfa hay diet while those fed the 80% hay 
diet yielded the highest values. The low measurements 
obtained with the 25% diet were probably a function of 
microbial factors and the physical nature of rumen contents 
from animals fed high concentrate diets.
The incubated sample feedstuff should move freely within 
the bag to prevent the formation of a microenvironment which 
has been reported to cause poor replication (92). This
microenvironment could have been a result of altered water 
activity (nonphysiological moisture content), lack of removal 
of end products, associative effects of nutrients or feeds, 
and/or excess of feed constituents that had the potential to 
inhibit digestion (136). Feeds that have been ground have a 
higher nitrogen and dry matter disappearance versus unground 
feeds. A small particle size has greater surface area per 
weight of substrate, thus increased surface exposure for 
microbial attack (131).
The porosity of the bags used has been critical because 
it influenced the efflux of protein particles which have not 
been degraded (19). Small pore size bags reduced the efflux 
of digested residues while tightly woven bags reduced the 
influx of digesting matter into the bag (131). Bag pore size 
should allow rumen microbes to enter and accumulated gas to 
escape. Bags accumulating gas float to the top of solid 
digesta which have caused sampling difficulties (92). Pore 
sizes of 40 to 102 p gave similar results (85), but these 
sizes resulted in higher estimated ruminal protein 
availability than smaller porosity bags. These bags also 
provided more favorable estimates in comparison to in vivo 
measurements. A comparison of 52 p pore dacron bags with 
nylon bags of no visible pore demonstrated that the larger 
pore bags resulted in greater disappearance values (131). 
When the 52 p  bag was compared to a 5 p bag the effect was 
the same as with the no visible pore bags. Uden et al. (127) 
studied pore sizes of 20, 35, and 53 p  . Incubations using 53
52
p bags provided higher digestibility estimates versus the 20 
and 35 p pore bags. The smaller pore bags were limited in 
their use .in determining digestibility because of a lack of 
gas release.
The relationship of sample size to bag size has been 
important. The sizes chosen have been dependent on the 
quantity of residue needed for analysis (92). Disappearance 
of nitrogen from nylon bags increased with a decreasing ratio 
of sample mass to bag surface area, but at a ratio of 3.5 
mg/cm disappearance plateaus (19). The relationship of 
sample size to bag size has been found to be the most important 
factor in the variation of results using bags incubated 
together. A 17 x 9 cm bag was adequate to incubate a 5 g 
sample (77). Nocek (85) suggested a ratio of 12.6 mg/cm to be 
the most favorable to in vivo estimates.
Nocek (85) reviewed the relationship of in situ 
disappearance and time of bag placement in the rumen. Bags 
introduced into the rumen at specific time intervals and 
removed all at once had faster rate constants of nitrogen and 
dry matter disappearance for soybean meal compared to bags 
introduced all at one time and retrieved at specific 
intervals. The introduction of bags at the same time caused 
tangled attachment lines which usually resulted in the removal 
of all bags at each incubation time. It also required more 
time to retrieve bags from the rumen and return them which 
probably interrupted the digestive process and contributed to 
slower rate constants for digestibility and increased
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variability. Grummer et al. (48) observed that the time of 
bag placement in the rumen in relation to feeding had no 
influence on the proportion of nitrogen and dry matter rapidly 
leaving the bag or the rate of disappearance from the 
incubated feed. This conclusion was made after placing bags 
in the rumen 4 hours prefeeding, at feeding, and 4 hours 
postfeeding and removing them after 1, 2, 4, 8, and 12 hours. 
Bags should be withdrawn at times that best described the rate 
of disappearance as related to the shape of the degradation 
curve over time (92).
Washing is a vital part of the in situ technique. 
Washing removes rumen contaminants from the exterior and 
interior of the bag, but problem areas have been identified 
,(32,86). The need for thorough washing was based on the 
assumption that the feed material removed during washing was 
extensively degraded or soluble and any material that could 
influx the bags would have been removed by washing. Nocek 
(85) reported that there is more chance of variation by 
washing individual groups of bags versus washing all bags at 
once.
The value of a protein in the duodenum is equally 
dependent on both its quality and quantity. Smith and Mohamed 
(116) measured the relative nutritive value of unheated and 
heated soybean meals, and fish meal that had been incubated in 
in situ bags. The microbiological procedure demonstrated that 
the relative nutritive value of the feeds declined with 
increasing exposure in the rumen. After 7 hours in the rumen,
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the value of the soybean meals was only 514 and fish meal was 
55% compared to the original feedstuff. The residual protein 
left in the in situ bags appeared to be notably different from 
the protein originally sampled. Mathers et al. (74) observed 
that the nutritive quality of feed protein bypassing the rumen 
undegraded differed between feeds. The original quality of 
the feed protein was not a reliable indicator of the feed 
protein reaching the small intestine. This was determined by 
feeding the original protein and the degraded protein from the 
bags to rats in a growth trial. Ganev et al. (42) found the 
amino acid composition of the incubated feedstuff and the 
residue left in the bag after 9 hours of incubation to differ 
only slightly. Therefore the reduced nutritive value, 
observed by Smith and Mohamed (116), of the residues with 
increasing incubation time was probably not associated with 
compositional changes in amino acids. The amino acid 
composition of the feedstuff fed was closely representative of 
the composition of the undegraded portion reaching the small 
intestine.
Kristensen et al. (63) suggested that feed particles 
could bypass the rumen undegraded so the extent of 
degradation in the bag might not reflect the correct estimate 
for effective degradation under normal conditions. 0rskov and 
McDonald (91) described disappearance from bags as a 
measurement of potential degradability without consideration 
for any particles which pass out of the rumen prior to their 
potential being realized. Thus, protein sources that were
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more slowly degraded and feeding programs that promoted rapid 
rate of passage would have the most discrepancies with 
measurements. Kristensen et al. (633 also agreed that both 
rate of outflow from the rumen and degradation rate must be 
considered. Measurement of outflow rate was affected by 
ration composition, level of feeding, and the physical 
characteristics of the protein source. When 0rskov et al. 
(88) estimated both outflow and degradation rates it was 
possible to quantitatively estimate actual degradation using 
the in situ technique. Low degradation measurements obtained 
at high outflow rates suggested that less nitrogen was 
available for rumen microbes. This could result in a nitrogen 
deficiency for rumen microorganisms which would have been 
rectified by the addition of urea or another source of 
degradable nitrogen. In general degradability declined with 
increasing outflow rates. Stern and Satter (121) agreed with 
0rskov et al. (88) that the in situ method coupled with rate of 
passage information can give reliable estimates of protein 
degradation for a variety of feedstuffs.
Several researchers have characterized the in situ 
technique with equations implementing degradation estimates 
and rate of passage. 0rskov and McDonald (91) incubated 
feedstuffs in the rumen using in situ bags and described 
potential degradation, p, in relation to incubation time, t, 
as:
p = a + b(l-e”ct)
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The constants, a,' b, and c were determined by an iterative 
least squares method, e was the natural log. The equation for 
potential degradation (p) has been derived theoretically based 
on a few assumptions. First, one protein fraction, a, rapidly 
disappeared prior to the earliest removal of the bags from the 
rumen. A second assumption was that a second protein 
fraction, b, disappeared per unit time at a constant 
fractional rate, c. Some protein sources had a third protein 
fraction that remained in the bag over the observation time. 
Other protein sources demonstrated a lag time prior to the 
start of disappearance which altered the interpretation of a 
and b, but not the equation. The estimates of a and b were as 
a percent of total protein and could not exceed 100%.
McDonald (75), and 0rskov and McDonald (91) emphasized 
that incubation periods selected to describe degradation were 
important because they had to represent degradation over time. 
The in situ conditions used to measure potential degradation 
(p) prevented the passage of particles from the rumen. This 
overestimated the extent of degradation under normal 
conditions at any specified time when some of the particles 
would have already entered the abomasum. 0rskov and McDonald 
(91) measured rate of passage from the rumen to the abomasum 
and estimated the fraction of protein remaining in the rumen 
at any specified time after feeding by sampling rumen contents 
and determining the rate of dilution. The rate of decrease in 
rate of passage was represented as the fractional rate at 
which a marker treated protein passed into the abomasum from
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the rumen assuming the weight of rumen contents stayed
approximately constant. If f represents the marker treated
protein fraction, by weight, which remains in the rumen at a
™ 1c tspecific time, t, after feeding, then f=e . Factor f was 
developed as a correction factor for the instantaneous
degradation rate at time t. This equation was developed on 
the assumption that rate of passage was similar for untreated 
and marker treated protein and only protein still in the rumen 
was subject to degradation.
Passage of the feedstuff from the rumen to the abomasum 
was a measure of the rate constant, k. Thus effective
degradation, P, which considered rate of passage, was
estimated (49,75,88,90,91) by time, t, after feeding as:
P = a + (bc/(c+k)) (l-e’Cc+k)t)
Effective degradation, P, was adjusted for rate of passage
from the rumen assuming that the fraction that quickly
disappeared was degraded completely in the rumen. The
equation representing P was reasonable because early losses 
must constitute water soluble protein known to be rapidly
degraded.
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Erdman and Vandersall (40) equated dry matter and crude 
protein disappearance at time t to:
R + (P-R)(l-e"ct);
where: R = rapidly or instantaneously degraded fraction, 
0 i R i 100,
P = total potentially rumen degradable fraction,
0 < P l 100,
P-R = slowly degradable fraction which is 
degraded at rate c, c < 0,
t = incubation time, hours, and 
e = natural log.
Percent rumen escape was estimated by the equation:
U = C(P-R)k/(c+k)) + 100-P;
where: U = undegraded dry matter or protein, 
k = rumen turnover rate = .05, 
c = rate of digestion,
100-P = rumen undegraded fraction, and 
P-R = as described above.
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Stern et al. (119) estimated ruminal protein degradation 
by an equation described by Miller (79) as:
a + (l-a)(Kd)/(Kr+Kd);
where: «* rate constant for disappearance of nitrogen
from the bag and equals the slope of
regression of the log of the remaining
nitrogen (Y axis) on rumen exposure (X axis), 
Kr - rate constant of passage of crude protein
from the rumen which is undegraded, and 
a = proportion of nitrogen disappearance at time 
= 0, assumed soluble and completely degraded. 
Zero time loss measured by incubating the bag 
in the rumen for 10 seconds and rinsing with 
distilled water.
The in situ technique has been widely used to estimate 
degradation and bypass potential of a variety of ruminant 
feedstuffs. Ground cottonseed heated at 0, 140, 160, and
180°C for 20 minutes was evaluated using nylon bags (96). 
After 12 hours of incubation, unheated cottonseed had a 63.5% 
dry matter disappearance which decreased with the severity of 
heating to 33.91 at 180°C. Crude protein disappearance, after 
12 hours, was only 48.2% for the 180°C treatment while the 
unheated cottonseed had a disappearance of 92.7%. Maman et 
al. (72) investigated the dry matter disappearance of unground 
whole cottonseed as measured by bags with 20, 40, and 80 y 
pores. In general disappearance increased with greater pore 
size. The low disappearance observed with unground whole
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cottonseed, as compared to Pena et al. (96), was associated 
with the fact that the physical integrity of the seed must be 
disrupted for efficient utilization.
Cottonseed meal processed by direct solvent, prepress 
solvent, and screw press extraction were evaluated using 11.4 
x 7.6 cm bags with 25 to 75 p pores (46). Samples of 1.3 g
were incubated for 4, 12, and 20 hours. Nitrogen
disappearance after 4 hours was 21.9% for direct solvent, 
29.6% for screw press,, and 30.3% for prepress solvent 
extractions compared to 38.6% for soybean meal. Screw press 
meal disappeared at a rate of 1.011/hour between 4 and 12 
hours. This rate was based on the quantity of residue 
remaining in the bags after 4 hours. The other processed 
meals disappeared at higher rates, but soybean meal was the 
highest at 2.16%/hour.
Two gram samples of soybean meal, heated for 0, 2, 4, and 
6 hours at 149°C, were incubated for 12 hours in 50 p  pore 
nylon bags (64). Nitrogen disappearance was 76.9% for the 
unheated meal compared to the 2, 4, and 6 hour meals which were
lower at 36.3, 38.0, and 37.9%. The difference between the
heated and unheated meals was also reflected in the quantity 
of soluble nitrogen present. The unheated meal was 26.5% 
soluble in Burroughs' mineral mixture while those treated with 
increasing heat were 3.9, 3.8, and 4.1% soluble. In another 
trial (65), soybean meal heated at 140°C for 2.5 hours reduced 
nitrogen disappearance from 42 to 19% after 4 hours of 
incubation. After 8 hours, disappearance was only 22% versus
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481 for the unheated meal. Regular soybean meal had a 75% 
disappearance after 12 hours, and it increased to 98% at 24 
hours. Heated meal resulted in a large difference in 
disappearance between 12 and 24 hours, 40 and 65%.
Dacron bags, 14 x 8 cm, containing .5 g samples were
incubated for 2, 4, 6, 8, 12, and 24 hours (98). Samples 
consisted of soybean meal roasted for approximately 2 minutes 
at 0, 102, 128, 144, 159, and 185°C. The quantity of nitrogen 
remaining in the bags increased with increasing heat treatment 
at all fermentation times. The unheated meal had only 4.9% of 
the original nitrogen present in the bag after 24 hours. The 
185°C treatment appeared to provide the most protection 
because 86.3% of the nitrogen remained in the bag after 2 
hours and 81.6% after 24 hours.
Satter (105) used dacron bags to measure the degradation 
of ground soybeans and soybean meal extruded under a variety 
of conditions as well as their untreated counterparts. Bags
were incubated with .5 g samples for 1, 4, 8, 12, 16, and 24
hours. Extrusion reduced the disappearance of dry matter and 
crude protein compared to the untreated beans and meal. After 
8 hours, a pattern of reducing disappearance was found with 
increasing extrusion temperature. Crude protein disappearance 
ranged from 38 to 58% after 12 hours and 53 to 79% after 24 
hours.
Dacron bags, 10 x 6 cm, containing ground soybean meal, 
soybeans, or soybeans extruded at 132 and 149°C were suspended 
in the rumen for 1, 4, 8, 12, 16, and 24 hours (120). Nitrogen
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disappearance was reduced substantially by extrusion. After 1 
hour, the 132 and 149°C treatments had lost 21.9 and 17.7% of 
the total nitrogen versus 51.3% for ground soybeans. By 8 
hours nitrogen disappearance was 40.4 and 32.8% for the 
extruded beans compared to 82.8% for the ground beans. Only 
77.1 and 60.2% of the nitrogen disappeared from the extruded 
products after 24 hours while the soybeans had a disappearance 
of 99.3%. Soybean meal was intermediate to raw and extruded 
soybeans.
A study by Stern et al. (119) demonstrated the same 
feedstuff from different sources can vary in in situ 
disappearance. Two soybean meals were incubated for 1, 4, 8, 
12, 16, and 24 hours. Nitrogen disappearance for the first 
meal was 40.2, 71.2, and 96.5% after 1, 8, and 24 hours. At 
the same time periods, disappearance for the second meal was
25.6, 56.2, and 95.0%. Results illustrated that the
disappearance of a feedstuff obtained from one source does not 
necessarily reflect the disappearance of the same feedstuff 
from another source. Variability in disappearance was
present in soybean meal from different sources, which might be 
indicative of differences in the amount of heat used in 
processing the meals.
Soybean flakes heated at 250°C for 30 minutes, 250°C for 
20 minutes, 215°C for 20 minutes, and 180°C for 25 minutes 
plus soybean meal were evaluated using dacron bags placed in 
the rumen at feeding (48). Fractional disappearance rates 
were measured at 1, 2, 4, 8, 12, and 16 hours after feeding.
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The lowest rates of dry matter and nitrogen disappearance were 
.28 and .12%/hour for the 250°C-30 minute treatment for the 
first hour after feeding. Soybean meal and 250°C-20 minute 
treatment were similar at .35 and .22%/hour for dry matter and 
nitrogen disappearance after one hour in the rumen. Between 1 
and 4 hours postfeeding, the 250°C-30 minute treatment had the 
lowest disappearance rates at .03 and .02%/hour for dry matter 
and nitrogen. Grummer et al. (48) used polyester bags to 
measure the degradation of soybean flakes heated at 121°C for 
30 minutes and 82°C for 25 minutes. The 121°C-30 minute 
treatment had 10.2% soluble nitrogen versus 50.1% for the 
82°C-25 minute treatment as measured by 10% Burroughs' mineral 
mixture. The less soluble samples had a slower disappearance 
rate for nitrogen and dry matter compared to the more soluble 
samples.
Forster et al. (41) incubated soybean meal and corn
gluten meal in 16 x 9 cm nitex nylon bags with 10 u pores. 
Bags were presoaked 1 minute in lukewarm water and placed in 
the rumen .5 hour after feeding and removed after 3, 6, 12, and 
24 hours. After 24 hours, dry matter and crude protein 
disappearance were 73 and 65% for soybean meal and 41 and 371 
for corn gluten meal. In comparison to data previously 
discussed, bag prosity might have been too small to measure 
satisfactory disappearance especially with soybean meal, but 
corn gluten meal appeared to be overestimated. Khattab and 
Tamminga (60) measured dry matter and nitrogen disappearance 
for soybean meal and corn gluten meal heated at 149°C for 4
hours, formaldehyde treated, or heated with formaldehyde 
treatment. All treatments depressed solubility, and 
disappearance followed a similar pattern. The treatment of 
soybean meal reduced nitrogen disappearance more than 50% and 
the response of corn gluten meal was much lower. Stern et al. 
C119) noted that nitrogen disappearance for corn gluten meal 
was greatly underestimated with nylon bags as compared to in 
vivo data. This could have been attributed to the viscous 
nature of the meal which had a tendency to stick together when 
it was wet because it was a glutinous material. This resulted 
in less surface area exposure and the possible hindering of 
particle movement out of the bag as a potential source of 
error.
In vitro ammonia accumulation and the in situ technique 
will rank protein supplements similarly within trials. The in 
situ method was more sensitive and detected statistical 
differences not measured in vitro (7).
Several techniques have been used to estimate protein 
degradation or bypass and were discussed previously. These 
include protein solubility, in vitro ammonia production and in 
situ disappearance. A variety of solvents have been used to 
measure solubility, but no one method has been accepted to 
represent actual degradation. In vitro systems measuring 
ammonia, the primary end product of protein degradation, are 
limited by the variability of rumen fluid and ammonia 
production from sources other than feed protein. In situ 
disappearance, using porous bags, provides the opportunity to
measure the rate and extent of degradation over time and also 
evaluate the residue remaining in the bag after incubation.
Whole Cottonseed for Lactating Dairy Cattle
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Whole cottonseed is an advantageous feed for lactating 
dairy cattle because it is high in protein, fiber, and energy 
(81). Early lactation dairy cows have high nutrient
requirements, especially for energy and protein, and a 
feedstuff such as whole cottonseed, which is high in both 
protein and energy, provides an excellent way to supply these 
nutrients.
Mid lactation Holsteins were fed, ad libitum, complete 
rations containing 0, 10, or 20% whole cottonseed (35). Dry 
matter intake, milk yield, and milk fat were unaffected by 
diet. However, milk protein percentage decreased with
increasing whole cottonseed content. In addition, crude 
protein, ether extract, and acid detergent fiber 
digestibilities increased by increasing whole cottonseed in 
the diet. Another study (26) using mid lactation Holsteins 
utilized diets containing 0, 15, or 30% whole cottonseed.
Milk yield, 22.8 kg/day, was the highest at the 15% level 
compared to 22.3 and 21.4 kg/day for the 0 and 30% cottonseed 
diets. Milk fat and protein percentages were the greatest for 
cows consuming no whole cottonseed.
When early lactation Holsteins were offered whole 
cottonseed at levels of 10, 20, 30, and 40% of the total 
concentrate, no effect was observed on feed intake, milk 
production, 4% fat corrected milk production, and milk 
composition (4). However, there was a trend of increasing
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production when the whole cottonseed level was raised from 10 
to 20%. DePeters et al. (37) evaluated the effect of 
substituting whole cottonseed for part of the concentrate mix 
using complete mixed diets containing either 0, 10, 15, or 20% 
cottonseed. Milk production was similar for all treatments. 
Because the percentage of milk fat was significantly lower at 
the 0% level 4% fat corrected milk production was decreased.
The effects of feeding whole cottonseed were evaluated in 
lactating cows fed levels of 0, 5, 15, and 25% of the diet 
(112,114). The inclusion of whole cottonseed improved the 
digestibility of nitrogen, ether extract, and energy. Milk 
yield (kg/day), 4% fat corrected milk yield (kg/day), and milk 
fat percentage (%) were the highest for cows consuming the 15% 
(21.6, 22.6, and 4.29) and 25% (21.2, 22.9, and 4.52) whole 
cottonseed rations. Cows consuming no cottonseed (19.4, 19.2, 
and 3.90) and 5% cottonseed (20.8, 20.2, and 3.95) had similar 
performance. In addition, these researchers studied 55 
commercial dairy herds and found there were no effects on the 
incidences of displaced abomasum, parturient paresis, ketosis, 
retained placenta, or on calving interval of cows consuming up 
to 3.2 kg/day of whole cottonseed.
Tomlinson et al. (126) evaluated the effect of 
substituting whole cottonseed for concentrate at 0, 1.82,
3.64, or 5.45 kg/day for lactating cows. Each treatment group 
consisted of four Holsteins, four Guernseys, and one Jersey. 
The greatest milk yield (19.3 kg/day) and 4% fat corrected 
milk yield (21.1 kg/day) was for cows consuming 3.64 kg/day.
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Milk fat percentage (4.714) was the highest for cows consuming 
5.45 kg/day, and it declined with decreasing whole cottonseed 
intake.
Dowlen et al. (38) evaluated whole cottonseed in three 
trials, two using mid to late lactation cows and a third with 
cows in early lactation. The first study replaced 2.73 kg 
concentrate with 1.82 kg whole cottonseed in a hay based 
ration. The mid to late lactation cows consuming cottonseed 
had greater actual milk yield, 38.0 vs 37.5 kg/day, .26 
percentage points higher milk fat, and produced 1.5 kg/day 
more 4% fat corrected milk compared to those not receiving 
cottonseed. The second trial evaluated feeding a complete 
blended ration with hay or 104 whole cottonseed (3.73 kg/day). 
Milk yield was similar with and without whole cottonseed, 
29.92 vs 29.72 kg/day. Percent milk fat increased .35 
percentage points and 44 fat corrected milk yield was 1.9 
kg/day greater for cows receiving cottonseed. Solids-not-fat, 
total solids, and milk protein percentages were similar for 
all treatments within both trials. Early lactation cows in 
the third trial were fed diets similar to those in the second 
trial. The whole cottonseed group had greater milk yield and
1.07 kg/day more fat corrected milk was produced. Control 
cows had the advantage of higher milk fat, protein, total 
solids, and solids-not-fat.
Chalupa et al. (25) fed lactating cows, 120 to 150 days 
postpartum, diets consisting of 80:20 ratios (dry matter 
basis) of grain to corn silage. The reason for the high level
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of grain was unknown, but it was probably to challenge fiber 
utilization from whole cottonseed. The grain mixtures 
contained either 25% whole, delinted, or reconstituted 
cottonseed or no whole cottonseed which was a soybean-corn 
mixture used as a control. Reconstituted cottonseed was 
composed of cottonseed meal, hulls, oil, and linters to 
contain the protein, fat, and fiber of whole cottonseed. Cows 
consuming no whole cottonseed produced the most milk (24.5 
kg/day). Milk fat percentage (3.30%) was the highest with the 
delinted ration and the lowest (2.36%) for cows receiving the 
reconstituted cottonseed. Production of 4% fat corrected milk 
(20.2 kg/day) was the greatest for the control and delinted 
rations. Cows were also fed 60:40 ratios (dry matter basis) 
of grain to corn silage utilizing the same grain mixtures fed 
in the 80:20 diets. Milk production (25.0 kg/day) was the 
highest for reconstituted cottonseed, but 4% fat corrected 
milk (21.4 kg/day) was the lowest due to the lowest milk fat of 
the four groups, 3.10%. Cows receiving whole cottonseed had 
milk production of 24.9 kg/day, the highest 4% fat corrected 
milk yield (23.1 kg/day), and the greatest fat percentage 
(3.60%). Performance of cows consuming delinted cottonseed 
was similar to the whole cottonseed group.
Concentrate mixtures containing cottonseed or cottonseed 
meal and corn for protein sources were evaluated using grass 
hay-sorghum silage based diets (100). Each treatment group 
consisted of nine Jerseys and one Guernsey. All cows were 
past peak production. The cottonseed treatment cows had
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significantly better performance based on milk production 
C10.0 vs 9.8 kg/day), milk fat (5.70 vs 5.38%), and 4% fat 
corrected milk yield (12.6 vs 11.9 kg/day) compared to those 
receiving cottonseed meal and corn.
Hein and Roffler (54) compared whole cottonseed and whole 
cottonseed replacer pellet for primiparous and multiparous 
Holsteins. Cows consumed diets consisting of 401 grass-legurae 
forage and 60% concentrate containing either 16% whole 
cottonseed or 21% whole cottonseed replacer pellet. The 
composition of the replacer pellet was not indicated, but it 
may have been similar to the reconstituted cottonseed 
described by Chalupa et al. (25). Primiparous cows performed 
similarly on both diets, but multiparous cows demonstrated a 
trend of improved milk production and composition with the 
pelleted cottonseed replacer.
Raw, extruded, and roasted whole cottonseed were fed to 
late lactation cows to study ruminal degradation and protein 
flow to the small intestine (95). Cows were fed 70:30 (dry 
matter basis), forage to grain, diets with cottonseed 
supplying 62% of the ration protein. Heating improved intake 
as compared to raw cottonseed. Rumen ammonia nitrogen was 
significantly higher for the raw treatment, 22.0 mg/dl, 
compared to the extruded and roasted treatments, 17.8 and 14.3 
mg/dl. The flow of crude protein to the duodenum was higher 
for the roasted, 2.34 kg/day, and extruded, 2.0 kg/day, groups 
versus the raw whole cottonseed group, 1.69 kg/day.
A comparison of whole cottonseed with sunflower seeds and
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extruded soybeans using lactating cows was conducted by 
Anderson et al. (5). Milk production and 41 fat corrected 
milk production were greater for cows consuming whole 
cottonseed (23.9 and 20.7 kg/day) and extruded soybeans (24.8 
and 20.1 kg/day) than those receiving whole sunflower seeds 
(21.8 and 17.9 kg/day). Percentage milk fat was highest for 
the whole cottonseed group at 3.14% versus 2.80 and 2.86% for 
the extruded and sunflower seed groups.
Roffler et al. (101) studied the effect of feeding 
soybean meal or corn gluten meal with or without whole 
cottonseed to early lactation Holstein cows. All cows 
consumed grass-legume based complete rations. The addition of 
whole cottonseed with soybean meal or corn gluten meal 
improved dry matter intake and milk production. Percent milk 
fat was similar whether soybean meal or corn gluten meal was 
fed with or without whole cottonseed.
Smith et al. (113) evaluated whole cottonseed and 
extruded soybeans using early lactation Holstein cows. 
Isonitrogenous rations contained either 7% extruded soybeans 
or 15 or 30% whole cottonseed. An undescribed control ration 
was also included, but it was probably a corn and soybean meal 
based concentrate. Milk yield was the highest for cows 
consuming extruded soybeans, 35.0 kg/day, followed by the 
control, 32.1 kg/day, and the 15 and 30% cottonseed diets,
30.4 and 31.7 kg/day. Both cottonseed levels produced the 
greatest percentages of milk fat, 4.00 and 4.18%, compared to 
the control, 3.70%, and extruded, 3.74%, diets. Milk solids-
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not-fat and protein were similar for all diets.
Whole cottonseed’s nutrient composition makes it a good 
feed for lactating dairy cows especially those in early 
lactation with high nutrient requirements. Incorporating 
cottonseed into the diets of lactating cows has proven 
beneficial in most trials to improve milk yield and 
composition. Roasted and extruded cottonseed have been 
demonstrated to reduce ruminal ammonia concentration and 
increase the flow of crude protein to the duodenum compared to 
raw whole cottonseed when fed to lactating dairy cattle. 
Thus, whole cottonseed does have the potential to become a 
bypass protein source after processing.
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Significance of Literature Review and 
Development of Objectives
The ruminant animal is supplied by two sources of 
protein, microbial and bypass protein. Increasing the 
quantity of bypass protein, by heat treatment, can provide a 
greater supply of amino acids to the small intestine which may 
improve milk production. This concept is illustrated in Table 
2 which outlines the metabolizable protein content (22,23) of 
two practical dairy rations. Diet C contained whole 
cottonseed that was assumed to be 70% degradable and is the 
same diet as in Table 1. Diet D contains the same ingredients 
as Diet C except the whole cottonseed was assumed to be 30% 
degradable due to heat treatment. The quantity of bypass 
protein and total metabolizable protein supplied is greater 
when feeding the lower degradability cottonseed in diet D. 
The advantage of heat treating protein is evident based on the 
comparison of the two diets.
The bypass potential of feedstuffs like cottonseed can be 
measured by in vitro, in situ and in vivo methods. The 
quantity of bypass protein may be estimated in order to 
evaluate the potential of a feed to supply undegraded protein 
to the intestine. Methods of estimating degradability of feed 
protein allow for preliminary observations and speculation 
about the potential of the feedstuff as a bypass protein 
source.
TABLE 2, Metabolizable protein profile of two lactation diets containing whole cottonseed 










Corn silage 9.1 212 292 129 421 633
Corn 3.4 115 126 88 214 329
Soybean meal _ 2.0 238 114 - 114 352
Whole cottonseed 3.3 214 124 - 124 338
Total COr**r-f 779 656 217 873 1652 52.8
Diet D 
Corn silage 9.1 212 292 129 421 633
Corn 3.4 115 126 88 214 329
Soybean meal , 2.0 238 114 - 114 352
Whole cottonseed 3.3 500 124 - 124 624
Total 17 .8 1065 656 m 873 1938 45.0
^Actual =» metabolizable protein supplied by microbial protein potential of feed;
From +UFP = metabolizable protein supplied by microbial protein from positive urea 
fermentation potential;
Total o sum of actual and from +UFP.
2Metabolizable protein supplied from bypass feed protein.
Total metabolizable protein supplied from bypass and microbial protein.




The development of extruded whole cottonseed as a bypass 
protein source for lactating dairy cattle was the overall 
objective of this study. The specific objectives were 
developed to provide a stepwise evaluation of the new product 
and were to:
1. Determine protein solubility, in vitro ammonia 
production, and in situ disappearance of extruded whole 
cottonseed.
2. Compare extruded whole cottonseed to other normal and 
heated protein sources based on determinations of protein 
solubility, in vitro ammonia production, and in situ 
disappearance.
3. Evaluate the possible bypass protein potential of 
extruded whole cottonseed via these three methods of 
estimating degradability.
4. Select an appropriate extruded product based on 
degradability measurements to be incorporated into a feeding 
trial for early lactation dairy cows.
5. Evaluate the feeding value and bypass protein 




Small quantities of whole cottonseed were extruded in 
January, 1983 at the Wenger Manufacturing Company Pilot Plant, 
Sabetha, Kansas, using a Wenger Model X-25 extruder. The wet 
extrusion procedure preconditioned the cottonseed with 
moisture and steam and processed it by forcing through a 
constricting auger. Heat was generated by friction and 
additional heat was supplied from steam in the outer portion 
of the auger. Product temperature was controlled by extrusion 
rate and supplemental steam. Four products for the laboratory 
study were extruded at temperatures (°C) and rates (kg/hour) 
of 131, 314; 135, 182; 146, 195; and 156, 286. These extrusion 
treatments were evaluated in the laboratory and based on the 
results obtained a product was extruded for use in a lactation 
trial. The same extruder and facilities were utilized to 
process, at 152°C and 436 kg/hour, the extruded cottonseed fed 
in -the lactation study. The temperature and rate were not 
exactly the same as those of a previously extruded product due 
to mechanical considerations during extrusion. The product 
was extruded in September, 1984.
Laboratory Procedures
Protein Source Selection and Preparation
In addition to the four extruded products other protein
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sources were selected for evaluation and comparison. These 
included raw whole cottonseed, soybean meal, and corn gluten 
meal. Also both soybean meal and whole cottonseed were heated 
for four hours at 127, 138, and 149°C in a Blue M mechanical 
convection oven (Model No. OV-490A-2). Heating was done in a 
shallow pan at a depth of approximately 2.5 cm.
All protein sources were freeze ground and freeze dried. 
Freeze grinding was done by mixing liquid nitrogen with the 
protein source in a stainless steel blender. Blended samples 
were placed in plastic bags and stored open, in a freezer, to 
allow excess nitTogen to escape (approximately 48 hours). 
Bags were sealed and samples remained frozen until freeze 
drying with a Unitop 600SL tray dryer and Freezemobile 12 (The 
Virtis Company). Lactation trial feed samples were dried at 
60°C in a Precision mechanical convection oven (Model #845) 
and ground through a 2 mm screen with a macro Wiley mill.
Feed Compositional Analyses
Analyses for each protein source were summarized as three 
observations with each observation composed of three aliquots. 
Mean aliquots of each protein source were repeated on three 
different days. Feed samples from the lactation trial were 
analyzed in duplicate. Dry matter (100°C) and crude protein 
were measured by AOAC procedures (8) except for two 
modifications in the crude protein procedure. The first was 
the use of a catalyst (Pope Kjeldahl Mixtures) containing 10 g 
K2S04 and .3 g CuSO^. Secondly, the indicator used with the 4%
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boric acid was a combination of .1% bromocresol green C-36 
g/1) and .2% methyl red (.1 g/1). Acid detergent fiber and 
acid detergent fiber-nitrogen were determined by procedures of 
Goering and Van Soest (44). However, the acid detergent fiber 
procedure was modified by using Whatman No. 54 filter paper in 
place of sintered glass crucibles to filter the samples.
Laboratory Evaluations to Measure Bypass Protein Potential
Protein Solubility
Protein solubility was measured by three methods. Each 
protein source was analyzed as three aliquots per observation. 
Mean aliquots (three) of each protein source were repeated on 
three different days. Cold water solubility was determined by 
mixing 3 g of sample with 100 ml distilled water in a 250 ml 
plastic bottle. Samples were mixed for 30 minutes with a 
magnetic stirrer (Magnestir 214-924) at medium speed. 
Solubility in cold water was also measured by homogenizing a 6 
g sample with 200 ml distilled water in a 250 ml plastic 
bottle. Homogenization was for 5 seconds at speed 8 using a 
Polytron Kinematica GmbH (Type PT10/35). After mixing and 
homogenizing, the bottles were centrifuged at 1100 x g for 10 
minutes with an IEC Size 2 Model K centrifuge. Supernatants 
were decanted into bottles and frozen until analyzed for 
nitrogen. Hot water solubility was determined by a method 
described by Goering and Van Soest (44), but modified by 
using .5 g sample in 50 ml distilled water and collecting the 
liquid portion upon filtering through Whatman No. 54 filter
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paper. The liquid was frozen in bottles until analyzed for 
nitrogen. Supernatants and liquid filtrate, from the three 
solubility methods, were measured for crude protein by the 
macro Kjeldahl method (8). The method was modified as 
described in the feed compositional analyses section and 15 ml 
duplicate samples were used. Soluble crude protein was 
calculated as a percent of the total crude protein in the 
sample.
In Vitro Ammonia Production
In vitro ammonia production was determined by weighing - 
duplicate samples, containing 10 to 15 mg crude protein, into 
50 ml plastic centrifuge tubes. Casein was also included as a 
control protein source. Five milliliters of prewarmed (39°C) 
McDougall's buffer was added to each tube at least 30 minutes 
prior to rumen fluid inoculation. McDougall's buffer contained 
(w/v) .98% NaHCOj, .70% Na2HP04.7H20, .05% KC1, .047% NaCl, 
.012% MgS04.7H20, and .004% CaCl2 and was adjusted to a pH of 
6.8 to 7.0.
Whole rumen contents were collected six hours 
postfeeding, and placed in a prewarmed two liter styrofoam 
container. The donor was a rumen fistulated, nonlactating cow 
maintained on a daily diet of 5.5 kg chopped grass hay and 3.6 
kg concentrate. The concentrate fed was a mixture of 65.1% 
ground corn, 18.2% cottonseed meal, 14.7% liquid molasses, 
1.1% trace mineral salt, and .9% oyster shell flour (as fed 
basis). The filtering and rinsing procedures used for whole
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rumen contents were done to obtain particulate microorganisms. 
The whole rumen contents collected were strained through four 
layers of cheesecloth (grade 50) then strained again through 
eight layers. This portion of rumen liquor was kept warm 
(39°C) in a water bath while the solid portion of whole rumen 
contents was rinsed four times with equal volumes of prewarmed 
(39°C) McDougall's buffer through four layers of cheesecloth. 
The total volume of buffer used was equal to the volume of the 
initial strained rumen liquor. After the four rinsings the 
buffer portion was strained through eight layers of 
cheesecloth. The rumen liquor and buffer portions were 
combined with mercaptoethanol, which was used as a reducing 
agent, for a final concentration of 3 mM. Ten milliliters of 
the warmed (39°C) inoculum mixture was added to each tube with 
a Cornwall syringe, flushed with CC>2, and sealed with a rubber 
stopper equipped with a one way release valve. All procedures 
were done under a stream of CC^.
Duplicate tubes were incubated for 2, 4, and 6 hours at 
39°C in a New Brunswick reciprocating water bath shaker (Model 
RW-650). Blanks were also incubated at the same time periods. 
Fermentation was stopped by adding 5 ml prewarmed (39°C) 4% 
(w/v) hexadecyltrimethylammonium bromide (CTAB) to each tube. 
After the contents of the tubes were mixed, an aliquot was 
placed in 10 ml test tubes, and the tubes sealed with
•parafilm, chilled in an ice bath, and frozen. Prior to
analysis, samples were thawed and filtered through Technicon
seraclear filters (5 ml) to remove any particles present.
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After filtering the liquid was poured into 4 ml autoanalyzer 
cups and capped. Ammonia was measured with a Technicon
AutoAnalyzer II equipped with a phenol-hypochlorite system
(213. Standards of 1, 2, 4, 6, 8 and 10 mM ammonia made with
ammonium sulfate (Sigma Chemical Company] were used for 
analysis. Each protein source was measured for ammonia
production for five repetitions. Ammonia concentrations were 
estimated (21) by a regression equation based on the standards
analyzed. Peaks heights for samples were corrected for the
blank peaks to obtain net ammonia ( ymol/ml). Ammonia
concentration was then adjusted based on the total volume in 
the tube and mg crude protein in the sample. Concentrations 
were reported as pmol ammonia per mg crude protein.
In Situ Disappearance
Five gram samples of each protein source were weighed 
into 25 x 3.25 cm nylon bags having 35 u pores. Bags were 
then folded to a size of 15 x 3.25 cm and closed with a .64 cm 
diameter plastic clamp attached to a snap swivel. Bags were
attached to six nylon lines made from 6.4 kg test fishing line
and barrel swivels. Each line consisted of a metal washer 
attached to 45.5 cm of nylon line followed by an alternating 
pattern of 3 cm barrel swivels attached to 5 cm nylon line and 
ending with the fourth swivel attached to a- 250 ml plastic 
bottle weighted (57 5 g) with pebbles and water. Lines were
72.5 cm in length. Each line represented 1, 2, 4, 8, 12, or 24 
hour incubations in the rumen with duplicate bags at each time
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point.
Lines were placed in the rumen of a fistulated non- 
lactating cow at feeding time. The same diet fed during the 
ammonia production study was used to maintain the cow used in 
the in situ trial. Disappearance of dry matter and crude 
protein were measured for two repetitions each lasting three 
days. During the first two days four protein sources were 
selected at random for incubation each day. On the third day 
the five remaining feeds were incubated. The number of bags 
per line on days one and two was equalized to the number on day 
three by placing duplicate bags containing the concentrate mix 
fed to the cow on each line as a placebo. Thus the total 
number of bags per line was ten, and each bag was placed at 
random on each line. Bags were attached to the lines by 
connecting the snap swivel to the barrel swivel. One line was 
removed at random for each time interval. After removal each 
bag was rinsed with tap water until colorless and dried for 24 
hours at 100°C in a Blue M mechanical convection oven (Model 
No. OV-490A-2). Dry matter disappearance was determined as 
the loss of dry matter based on original dry matter content. 
Residues remaining in the bags were removed, placed in plastic 
whirl-pak bags, and stored until analyzed for crude protein by 
the macro Kjeldahl method (83 as modified and described in the 
feed compositional analyses section. Crude protein 
disappearance was then determined based on original crude 




Data were analyzed by least squares techniques using the
GLM procedure of SAS (103). The following model was employed
for protein solubility:
Yij - i* ♦ Ti ♦ rij
where = p effect common to all observations,
= fixed effect of ith treatment,
a random error associated with each
observation.
Treatment differences were tested by the F statistic.
The following model was employed for in vitro ammonia 
production and in situ disappearance:
Yijk - “ + Ti + Kj + T K u  +
where = p = effect common to all observations,
T^ = fixed effect of ith treatment,
Kj = fixed effect of jth time,
TK-j = fixed effect due to interaction between
ith treatment and jth time,
Zjjk = random error associated with each 
observation.
Treatment differences were tested using treatment by time 
mean square as the denominator in the F statistic. All other 
effects were tested against residual mean squares.
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Evaluation of Extruded Cottonseed in a Lactation Trial
Animal Assignment and Housing
Twenty six, early lactation Holstein cows were randomly 
assigned to one of four experimental groups. The trial was 
started with eleven cows, averaging 43 days postpartum, and 
additional cows, 7 to 14 days postpartum, were added only one 
day per week for ease of recordkeeping. Cows were added 7 to 
14 days postpartum to insure that they had sufficient time to 
adjust their feed intake after calving. The last cow was 
added three weeks before the end of the fifteen week trial. 
Cows averaged 94 days postpartum at the end of the study. The 
trial began in November, 1984 and ended in March, 1985. Cows 
were housed at the Louisiana State University Dairy 
Production, Teaching, and Research Center. Two free stall 
barn lots were split with high tensile wire to provide four 
lots of ten free stalls each.
Experimental Diets and Feeding Procedures
Four experimental groups consisted of two controls, 
positive and negative, and two treatments containing whole or 
extruded cottonseed. Diets were formulated based on corn 
silage and commercial (MFC Feeds, Madison, MS) concentrate 
pellets (16.4% crude protein, as fed basis). The pellets 
contained, dry matter basis, 35.21 wheat middlings, 21.9% 
ground corn screenings, 16.2% soybean meal (44%), 14.8% soy 
flakes, 5.0% molasses, 4.3% limestone, 1.4% dicalcium
phosphate, 1.11 trace mineral salt, and .1% vitamin A and D 
premix (5500 IU A/kg and 2200 IU D/kg). The positive control 
was formulated to contain 501 corn silage, 33.8% concentrate, 
and 16.2% soybean meal and to contain 18% crude protein (dry 
matter basis). The negative control was balanced at 13% crude 
protein and contained 50% corn silage and 501 concentrate (dry 
matter basis). Both treatments were 50% corn silage, 31.3% 
concentrate, and 18.7% whole or extruded cottonseed and were 
formulated at 14% crude protein (dry matter basis). The 
controls were formulated above and below NRC requirements 
(16%) to insure diets were adequate and limiting in protein as 
compared to the treatments. Cottonseed treatments were 
formulated below NRC requirements, but above the negative 
control in order to evaluate the bypass protein effect.
Cows were group fed complete rations, twice daily, after 
each milking. Approximate feeding levels (dry matter) were
20.5 kg/day for the control cows and 19.6 kg/day for treatment 
cows. Lower feeding levels for the treatment cows were 
necessary to balance the TDN of the diets because of the high 
TDN value for cottonseed. Corn silage and concentrate pellets 
were mixed together and delivered to each group by an Oswalt 
Butler Ensil mixer 320 (Model No. 837702) equipped with an 
Oswalt Butler Electronic Scale (Model No. PB-82). Protein 
sources were weighed on a portable platform scale, topdressed 
on the silage and pellets, and mixed with a pitchfork. Oyster 
shell flour was topdressed and mixed with the positive control 
and cottonseed treatments. Supplementation was based on the
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calcium to phosphorus ratio of the negative control group, 
approximately 2.5 to 1, and was adjusted weekly depending on 
feed intake. Calcium supplementation was necessary to balance 
the calcium to phosphorus ratio because of the high phosphorus 
content of cottonseed. Fresh water was available at all times 
and a free choice mineral mixture containing a 4 to 3 to 1 
ratio of feed grade salt to dicalcium phosphate to oyster 
shell flour was also available.
Data Collection and Analyses
Cows were weighed for three days pretrial, weekly during 
the trial, and for three days at the end of the trial. Daily 
AM and PM milk production was recorded and summarized weekly. 
Milk samples were collected three days pretrial and biweekly 
during the study. Samples were collected from Surge Kmax 
weigh jars (1-0 SCKOTT USA102) after mixing into plastic 
whirl-pak bags. Milk samples were immediately divided into a 
15 ml plastic vial containing two 26.5% potassium dichromate 
tablets as a preservative. Bagged milk was cooled in ice 
water and refrigerated until analyzed for solids. The 
preserved samples were analyzed by the Louisiana Dairy Herd 
Improvement Laboratory for fat and protein using a Milko Scan 
3D0 (Model No. 926-001). Total solids were determined by 
warming the milk in warm water and mixing prior to sampling. 
Duplicate samples were weighed into foil cups, allowed to 
evaporate at room temperature, and dried for 16 hours at 100°C 
in a Blue M mechanical convection oven (Model No. OV-490A-2).
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Blood samples were obtained for three days pretrial and 
biweekly during the trial by jugular venipuncture into 
heparinized (286 USP units sodium heparin/15 ml tube] 
vacutainer tubes. Each collection was subsampled by pipetting 
3.36 ml blood into 4 ml autoanalyzer cups containing .24 ml of 
6.66% (w/v) mercuric chloride for ammonia preservation for a 
final concentration of .444% mercuric chloride. Cups were 
immediately placed on dry ice and frozen. Remaining whole 
blood was centrifuged at 515 x g with a Beckman Model J2-21 
centrifuge for 10 minutes. Plasma was pipetted into 4 ml 
autoanalyzer cups, capped, frozen on dry ice, and kept frozen 
until analyzed for urea-nitrogen.
Samples were analyzed simultaneously for ammonia and 
total free amino acids (21) with a Technicon AutoAnalyzer II 
equipped with a phenol-hypochlorite and ninhydrin system. 
Ammonia standards of .05, .1, .15, and .20 mM and L-leucine 
standards of 1, 2, 4, and 6 mM made from ammonium sulfate and 
L-leucine (Sigma Chemical Company) were utilized for the 
analysis. Samples were uncorrected for mercuric chloride 
dilution. Blood urea was measured via a colorimetric reaction 
with diacetyl monoxime. One tenth milliliter samples of 
plasma, deionized distilled,water (blank), and urea-nitrogen 
standards of 10, 20, 30, 40, and 50 mg/dl were pipetted into 10 
ml test tubes. Plasma samples were analyzed in duplicate. 
Working reagent consisted of equal volumes of color and acidic 
reagent. Color reagent contained .25% (w/v) diacetyl monoxime 
and .01% thiosemicarbazide mixed with deionized distilled
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water. Acidic reagent contained .01854 Cw/v) ferric chloride 
hexahydrate and 8.84 sulfuric acid mixed with deionized 
distilled water. Four milliliters of working reagent were 
added to each tube and mixed well with a multitube vortexer. 
After vortexing the tubes were placed in a 100°C water bath 
for 13 to 15 minutes then cooled 3 to 5 minutes in an ice water 
bath. Absorbance was measured at 515 nm with a Beckman 
UV/visible spectrophotometer (DU-50) equipped with a sipper. 
Blood urea-nitrogen concentrations were calculated based on a 
standard curve plotted after reading the absorbance of urea- 
nitrogen standards.
Samples of corn silage, concentrate pellets, soybean 
meal, whole cottonseed, extruded cottonseed, and the four 
experimental diets were taken weekly. Orts were weighed and 
sampled throughout the trial as needed. All ingredient and 
ration samples were frozen, composited biweekly, and frozen 
until dried at 60°C. Samples were ground and analyzed as 
previously described.
Statistical Methods
Data were analyzed by least squares techniques using the 
GLM procedure of SAS (103). The following mixed model was 
employed:
rijk - »  .-Ti * ^j<V ♦ wk + ™ik * Eijk 
where: y = effect common to all treatments,
T.̂ = fixed effect of ith treatment,
Bj(Ti) = random effect of jth cow in ith treat­
ment,
Wk = fixed effect of kth week,
™ i k  ■ f ixed effect due to interaction between
ith treatment and kth week,
E ijk ~ ran(*om ®rror associated with each
observation.
Treatment differences were tested using the cow in 
treatment mean square as the denominator in the F statistic. 
All other effects were tested against residual mean squares. 
This model allows the use of cow as its own control. The 
variable week corresponds to the number of weeks that each 
animal had been on the trial when the sample was taken not the 
week of the experiment.
Dissertation Format 
The results and discussion section of this dissertation 
was written journal style. Two manuscripts comprise this 
section. One paper is entitled "Protein Solubility, In Vitro 
Ammonia Production, and In Situ Disappearance of Whole 
Cottonseed Extruded at Four Temperatures.1' The second paper 
is "Evaluation of Extruded Whole Cottonseed as a Bypass 
Protein Source for Lactating Dairy Cattle."
RESULTS AND DISCUSSION - Journal Style
Paper Title: PROTEIN SOLUBILITY, IN VITRO AMMONIA PRODUCTION,
AND IN SITU DISAPPEARANCE OF WHOLE COTTONSEED 
EXTRUDED AT FOUR TEMPERATURES
Abstract
Whole cottonseed extruded at temperatures (°C) and rates 
(kg/h) of 131, 314; 135, 182; 146, 195; and 156, 286 was 
evaluated by protein solubility, in vitro ammonia production, 
and in situ disappearance techniques. These techniques were 
used to estimate the bypass protein potential of extruded 
whole cottonseed. In addition, raw whole cottonseed, soybean 
meal, corn gluten meal, and whole cottonseed and soybean meal 
heated for 4 h at 127, 138, and 149°C were used for comparison. 
Solubility was measured by three methods: cold water-mixed
for 30 min, cold water-homogenized for 5 sec, and hot water- 
refluxed for 1 h. In vitro ammonia production was measured 
after 2, 4, and 6 h incubations. Dry matter and crude protein 
disappearance was estimated using nylon bags suspended in the 
rumen for 1, 2, 4, 8, 12, and 24 h.
Extrusion reduced solubility of cottonseed as measured by 
all three methods. There was no difference in ammonia 
production due to extrusion heating. Whole cottonseed 
responded similarly to the extruded products at all time 
intervals. Extruded products differed over time with the in 
situ technique. The two highest extrusion temperatures 
resulted in lower disappearance of dry matter and crude
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Incorporating whole cottonseed into lactation diets has 
resulted in improved milk production and composition under 
certain conditions (38,114,126). However, processing whole 
cottonseed may improve its potential as a bypass protein 
source for lactating dairy cattle. Extrusion processing of 
whole cottonseed has been observed to increase the flow of 
crude protein to the duodenum compared to raw whole cottonseed 
(95). Increasing the bypass of feed protein in lactation diets 
should promote improved milk yield or efficiency by increasing 
the supply of amino acids to the lower digestive tract (71).
Bypass protein potential of ruminant feedstuffs can be 
measured by several methods. These include solubility in 
various solvents, rate of hydrolysis using a variety of 
proteases, ammonia release using rumen inoculum, total amino 
acids plus ammonia release, and in situ disappearance (19). 
The emphasis placed on undegradable protein for ruminants 
reflects the need for an assay to predict undegradability 
which must be highly correlated to in vivo measurements 
(18,19,20,121).
Solubility measurements are a simple means of ranking 
feeds based on potential rumen degradability (132). However, 
equating protein degradability with solubility and bypass 
protein with insolubility is questionable (118).
Ammonia is the primary end product of ruminal protein 
degradation and the principal form of nitrogen required by
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rumen bacteria. Ammonia production, in vitro, has been used 
to describe degradability of protein sources. However, the 
relationship of ammonia production to in vivo feed protein 
degradation is limited. Limitations result from daily 
variation in rumen ammonia concentrations and production of 
ammonia from sources other than feed protein (21,70).
In situ disappearance is a favorable method of estimating 
degree of degradation because it provides information on both 
rate and extent of degradation (19). Estimates of degradation 
can potentially be used to synchronize the release of energy 
and nitrogen from feedstuffs fermented in the rumen (42).
The objective of this study was to evaluate bypass 
protein potential of extruded whole cottonseed using protein 




Protein Source Selection, Preparation, and Analyses
Whole cottonseed (WCS) was processed at extruder 
temperatures of 131 (ECS1), 135 (ECS2), 146 (ECS3), and 156°C 
(ECS4) through a Wenger Model X-25 extruder.* Extrusion rates 
Ckg/h) were 314 (ECS1), 182 (ECS2), 195 (ECS3), and 286 
(ECS4). Raw WCS was evaluated as a comparison to the extruded 
products. Soybean meal (SBM) and corn gluten meal (CGM) were 
selected due to their marked difference in protein solubility. 
Whole cottonseed and SBM were also heated in a forced draft 
oven for 4 h at 127 (W127, S127), 138 (W138, S138), and 149°C 
(W149, S149). These heated feeds were to provide a comparison 
of direct heating to extrusion heating.
Protein sources were freeze ground with liquid nitrogen 
and freeze dried to prevent additional heating which might 
affect protein evaluation. Analyses included dry matter (DM), 
crude protein (CP) (8), acid detergent fiber (ADF), and acid 
detergent fiber nitrogen (ADFN) (44).
Protein Solubility
Protein solubility was measured by three methods. Hot 
water solubility (HW) was determined by a modified method of 
Goering and Van Soest (44). Solubility in cold water was 
measured by mixing (CWM) and homogenization (CWH). The CWM
*Wenger Manufacturing Co. Pilot Plant, Sabetha, KS 66534
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method utilized a 3 g sample mixed with 100 ml distilled water 
for 30 min at medium speed with a magnetic stirrer. The CWH
method homogenized a 6 g sample in 200 ml distilled water for 5
2sec at speed 8 using a Polytron Kinematica GmbH homogenizer. 
After mixing or homogenization samples were centrifuged at 
1100 x g  for 10 min. Supernatants plus the liquid portion from 
HW were analyzed in duplicate for crude protein by the 
Kjeldahl method (8). Soluble protein was calculated as a 
percent of total crude protein.
In Vitro Ammonia Production
Samples containing 10 to 15 mg CP were weighed into 50 ml 
plastic centrifuge tubes in duplicate. Casein was used as a 
control. Five ml of prewarmed (39°C) McDougall's buffer was 
added to each tube at least 30 min prior to inoculation. Whole 
rumen contents CWRC) were collected 6 h postfeeding from a 
rumen fistulated, nonlactating cow maintained on a ration of 
60% chopped grass hay and 40% cottonseed meal based 
concentrate. The WRC were strained through four layers of 
cheesecloth and then strained again through eight layers. The 
solid portion of WRC was rinsed four times with equal portions 
of prewarmed (39°C) McDougall's buffer through four layers of 
cheesecloth. The total volume of buffer used was equivalent 
to the volume of strained rumen liquor. The buffer portion 
was then strained through eight layers of cheesecloth. The
.
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rumen liquor and buffer portions were combined with 
mercaptoethanol to provide a final concentration of 3 mM. Ten 
milliliters of warmed (39°C) inoculum mixture was added to 
each tube with a Cornwall syringe, flushed with CC^, and 
sealed with a rubber stopper equipped with a one way release 
valve. All procedures were done under a stream of CC^. 
Protein sources plus casein were incubated for 2, 4, and 6 h. 
Blanks were also incubated in duplicate for each time 
interval. At the end of incubation, 5 ml prewarmed (39°C) 4% 
(w/v) hexadecyltrimethylammonium bromide (CTAB) was added to 
stop fermentation. Contents of tubes were mixed, subsampled, 
chilled in an ice bath, and frozen. Prior to analysis, 
samples were thawed and filtered to remove any particles 
present. Ammonia was measured by a phenol-hypochlorite sys­
tem using a Technicon AutoAnalyzer II (21). Production of 
ammonia was measured for each protein sources over five 
repetitions.
In Situ Disappearance
Five gram samples were placed in 25 x 3.25 cm nylon bags 
having a 35 y pore size. Bags were folded to a size of 15 x 
3.25 cm and closed with a .64 cm diameter plastic clamp 
attached to a snap swivel. Six nylon lines were made from 6.4 
kg test nylon fishing line and barrel swivels. Lines were 
weighted with a 250 ml plastic bottle containing water and 
pebbles. Each line was 72.5 cm in length and represented one 
time point, either 1, 2, 4, 8, 12, or 24 h. Lines were placed
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in the rumen of a fistulated, nonlactating cow at feeding 
time. The cow was maintained on the same diet fed during the 
ammonia production study. Each protein source was incubated 
at each time in duplicate bags for two repetitions each 
lasting 3 d. Protein sources were selected at random for 
incubation on each day. Four feeds were incubated on d 1 and 
2; five feeds on d 3. The concentrate mix fed to the 
fistulated cow was used as a placebo in two bags for d 1 and 2 
to equalize the number of bags incubated each day. Bags were 
randomly placed on each line by attaching the snap swivel to a 
barrel swivel on the nylon line. One line was selected at 
random for removal at each time point. After removal each bag 
was rinsed with tap water until colorless and dried 24 h in a 
forced air oven at 100°C. Residues remaining in the bags were 
analyzed for CP by the Kjeldahl method (8). Dry matter (DMD) 
and crude protein disappearance (CPD) were calculated based on 
the original composition of the protein source.
Statistical Methods
Data were analyzed by least squares techniques using the 
GLM procedure of SAS (103). Individual treatment differences 
were tested by pairwise comparison of least squares means.
Results and Discussion
Results of analyses for DM, CP, ADF, and ADFN are in 
Table 3. Protein solubility data are in Table 4. All possible 
pairwise comparisons between least squares means were made. 
Probability levels present are probably lower than the real 
probabilities. However, acceptable levels of Type I 
probability chosen for stating that a difference existed were 
probably conservative enough to compensate. Regardless of the 
method used, solubility of WCS was reduced by extrusion. The 
reductions in solubility observed for the extruded products 
ranged from 45.3 to 56.2% using CWM, 44.8 to 53.8% with CWH, 
and only 19.0 to 23.1% using HW. Products ECS1 and ECS3 were 
similar in solubility except with CWH where ECS3 was less 
CP <.05) than ECS1. Products ECS2 and ECS4 were also similar, 
but lower than ECS1 and ECS3. This indicated that the 
treatments used for ECS2 and ECS4 had a greater influence on 
reducing WCS solubility. Because solubility did not decrease 
with each increase in temperature, rate of extrusion may have 
been more influential on the final product. However, protein 
characteristics of any wet extruded product will depend on 
both extrusion temperature and rate. Direct heated WCS and 
SBM decreased (P <.05) in solubility with increased severity 
of heating. However, W127 and W138 were similar using HW. A 
comparison of direct heating with extrusion using CWM revealed 
W127 (12.88%) to be more soluble (P < .05) than any extruded 
product whose lowest processing temperature was 131°C.
TABLE 3. Nutrient composition of protein sources.
Acid Acid
. Dry Crude detergent detergent
Description___________ matter__________ protein____________ fiber____________ fiber nitrogen
(t) - - - I ft nf fl'rv msttprl
ECS1 92.70 24.91 41.37 .29
ECS2 93.78 23.70 38.82 .29
ECS3 95.05 24.35 39.59 .28
ECS4 94.46 24.13 41.06 .28
WCS 90.45 22.69 44.74 .26
SBM 88.85 47.68 14.57 .29
CGM 89.62 67.69 15.28 1.51
W127 97.06 22.52 47.20 .33
W138 98.61 22.81 43.27 .24
W149 97.23 22.34 51.15 .68
S127 99.91 49.04 15.08 .43
S138 99.77 49.99 17.82 .45
S149 96.54 50.98 20.80 1.13
SE2 - .34 2.80 .06
1ECS1, ECS2, ECS3, ECS4 = whole cottonseed extruded at 131, 135, 146, 156°C;
WCS = whole cottonseed;
SBM = soybean meal;
CGM = corn gluten meal;
W127, W138, W149 = whole cottonseed heated at 127, 138,
149 C for 4 h;
S127, S138, S149 = soybean meal heated at 127, 138, 149°C for 4 h;
7SE = standard error from three observations for each protein source; standard 
error for dry matter not calculated.
TABLE 4. Protein solubility of protein sources by three methods.
___________________  Method1______
Description2___________________ CWM______________________CWH____________________ HW
(% of total crude protein)
ECS1 12.24? 10.42? 26.29?
ECS2 10.00° 8.73“ 25.10?
ECS3 11.96?® 9.49? 26.38?
ECS4 9.80“ 8.84“ 25.05?
WCS 22.37j 18.88? 32.57?
SBM 19.23® 13.26? 47.92“
CGM 3.19® 2.39, 7.31®
W127 12.88? 10.55 25.31?
W138 11.47? 9.86 25.14?
W149 8.43? S.238 17.87
S127 11.91f8 8.38° 50.828
S138 7.60^ 5.02® 40.73?
S149 4.021 3.10 12.481
SE3 .18 .15 .33
a,b,c,d,e,f,g,h,i,jLeast 5q U a r e s  means with unlike superscripts within 
columns are different C P < .05).
1CWM = cold water - mixed for 30 min;
CWH = cold water - homogenized for 5 sec;
HW =■ hot water - refluxed for 1 h.
_ 2ECS1, ECS2, ECS3, ECS4 = whole cottonseed extruded at 131, 135, 146,
156 C.
WCS a whole cottonseed;
SBM = soybean meal;
CGM => corn gluten meal;
W127, W138, W149 = whole cottonseed heated at 127, 138, 149°C for 4 h;
S127, S138, S149 = soybean meal heated at 127, 138, 149°C for 4 h.
3SE = standard error from three observations for each protein source.
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Product W138 (11.47%) was similar to ECS3 (11.96%) while W149 
(8.43%) was the most insoluble (P<.05). The CWH method 
resulted in a solubility for W127 that was similar to ECS1, 
and W138 and ECS3 were not different. The most insoluble (P 
<:05) was W149 (5.23%). With the hot water method W127 and W138 
were similar in solubility to ECS2 and ECS4. Product W149 had 
the lowest (P < .05) solubility (17.871). There was no 
consistent relationship observed between the solubility of 
direct heated and extrusion heated cottonseed. The most 
soluble (P <.05) protein source was S127(50.82%) using HW, but 
with CWM (22.37%) and CWH (18.88%) WCS was the most soluble 
(P <.05). The most insoluble (P < .05) protein feed was CGM 
which was expected because it is a naturally protected bypass 
protein and has previously been demonstrated to have low 
solubility (133). Solubility measurements were the highest 
for HW followed by CWM and CWH.
In vitro ammonia production results are presented in 
Table 5. The extruded products were all similar to each other 
in ammonia production at 2 (.77 ymoles/mg CP) and 4 h(1.06 
ymoles/mg CP). At 6 h ECS3 (.41 ymoles/mg CP) was lower 
(P <.05) in ammonia production than ECS1 (1.30 ymoles/mg CP) 
and ECS2 (1.24 ymoles/mg CP). Ammonia production of WCS was 
similar to all extruded cottonseed products at 2, 4, and 6 h 
(1.12, .77, .55 ymoles/mg CP). Pena et al. (96) reported WCS 
produced more ammonia than WCS heated by autoclaving at 120°C 
for 60 minutes. Autoclaving protected the protein and reduced 
ammonia production unlike what was observed with extrusion in 
this study. Products W127 (1.63, 1.17, 1.05 ymoles/mg CP) and


























































a ’b»c *d,e,f,gLeast Sq U a r e s  means with unlike superscripts within columns 
are different [P < .05).
*ECS1, ECS2, ECS3, ECS4 = whole cottonseed extruded at 131, 135, 146,
156 C;
WCS = whole cottonseed;
SBM = soybean meal;
CGM = corn gluten meal;
W127, W138, W149 = whole cottonseed heated at 127, 138, 149°C for 4 h; 
S127, S138, S149 = soybean meal heated at 127, 138, 149°C for 4 h.
SE = standard error from five observations for each protein source.
W138 (1.34, 1.23, 1.04 ymoles/mg CP) were similar at each time 
point while W149 (.22, .09, .05 ymoles/mg CP) was lower (P
<. 05) in comparison to the other direct heated WCS products. 
Soybean meal (2.33, 3.03, 3.58 ymoles/mg CP) produced more (P 
<-05) ammonia than any of the cottonseed protein sources or 
direct heated SBM products. Product S127 was higher (P< .05) 
in ammonia production compared to S138 and S149 which were 
similar except at 6 h when S138 was greater (P< .05) than S149. 
Thomas et al. (124) demonstrated ammonia production, after .5 
h, to be reduced 35, 47, and 671 by heating SBM at 127, 138, 
and 149°C for 4 h. The same treatments in this study were 
reduced 35, 74, and 92% after 2 h. Casein (1.96 ymoles/mg CP) 
was similar to W127, W138, S127, and SBM at 2 h, but at 4 (4.75 
ymoles/mg CP) and 6 h (5.44 ymoles/mg CP) casein was the 
highest (P < .05) of all the protein sources evaluated. Casein 
is a highly degradable protein and would be expected to 
produce more ammonia than the feedstuffs evaluated. Even 
though ammonia is a primary end product of protein degradation 
the limitations of using it as a degradation index have been 
discussed in the literature (18,19,20,70,107,123,132).
In situ disappearance of dry matter and crude protein is 
in Tables 6 and 7. After 1 h WCS (38.66%) and the extruded 
products (39.20%) were similar in DMD. The DMD of ECS1 and 
ECS2 (40.76%) was higher (P < .05) at 2 h than ECS3 and ECS4 
(37.61%). Whole cottonseed (43.14%) was similar to ECS1 and 
ECS2. By 8 h all the extruded products were lower (P< .05) in 














S127 42*45a 50.36*S138 38.21® 38.19
S149 38.29® 39.07
------- ,----------------------- ----------
a,b,c,d,e >£»g»h,iLeast squares i
different (P < .05).
ranee of protein sources.
________Time (h)























































ECS1, ECS2, ECS3, ECS4 = whole cottonseed extruded at 131, 135, 146, 156°C; 
WCS = whole cottonseed;
SBM = soybean meal;
CGM = corn gluten meal;
W127, W138, W149 = whole cottonseed heated at 127, 138, 149°C for 4 h;
S127, S138, S149 = soybean meal heated at 127, 138, 149°C for 4 h.
o-p.













































































a,b,c,d,e,f>g,h,ijjeast SqUares means with unlike superscripts within columns are 
different (P <.05).
^ECSl, ECS2, ECS3, ECS4 = whole cottonseed extruded at 131, 135, 146, 156°C;
WCS = whole cottonseed;
SBM = soybean meal;
CGM = corn gluten meal;
W127, W138, W149 = whole cottonseed heated at 127, 138, 149°C for 4 h;















ECS4 was observed at 8 and 12 h. After 24 h ECS2 (63.13%) had 
the highest (P< .05) DMD of the extruded products and WCS. The 
DMD of ECS1 and WCS was alike after 24 h, but greater (P< .05) 
than ECS3 and ECS4. Treatments W127 and W138 were similar in 
DMD at all time points between 1 (34.77%) and 12 h (52.26%) 
while W149 was lower (P< .05). All three direct heated WCS 
products had similar DMD (60.64%) after 24 h. Pena et al. 
(94) reported that the DMD of WCS after 12 h decreased with 
increasing heat treatment. Soybean meal was the highest (P 
<.05) in DMD of all the protein sources at 1 (46.95%), 4
(53.79%), and 12 h (75.86%). The DMD of SBM was similar to 
S127 after 2 (50.06%), 8 (54.86%), and 24 h (89.33%).
Products S138 and S149 were similar at 1 (38.25%) and 2 h 
(38.63%), but beyond 4 h S138 was greater (P< .05) in DMD than 
S149. Treatment S127 was always higher (P < .05) in DMD than 
S138 and S149. The lowest (P <.05) DMD was for CGM, which was 
20.01 and 33.87% at 1 and 24 h. Stern et al. (119) indicated 
that CGM degradability was underestimated with nylon bags as 
compared to in vivo data and CGM ranged from 13.1 to 39.2% 
between 1 and 24 h.
After 1 h the four extruded products were all different 
(P < .05) in CPD (Table 7). Initial CPD was rapid, but over 
time disappearance rate slowed as expected according to (17). 
The CPD of ECS1 and ECS2 was similar at 2 (52.52%), 4 (53.26%), 
8 (56.67%), 12 (63.24%), and 24 h (74.84%). Products ECS3 and 
ECS4 were alike at 2, 8, 12, and 24 h, but at 4 h ECS3 was 
greater (P < .05) than ECS4. Whole cottonseed was higher (P
<.05) in CPD than the extruded treatments at all incubation 
times. Extrusion protected some of the protein in WCS from 
degradation as evidenced by the CPD of the extruded products. 
The CPD of W127 and W138 was similar, except at 24 h, as 
observed with DMD. The W149 treatment was lower (P < .05) in 
CPD compared to W127 and W138, but at 24 h all treatments were 
similar (90.761). The similarity in CPD, at 24 h, of the 
direct heated WCS compared to the differences observed with 
extruded WCS indicated that direct and moist heating affected 
the WCS differently. Moist heat extrusion appeared to have 
greater influence on ruminal degradation over time. Pena et‘ 
al. (96) found a CPD of 92.7% with WCS after 12 h which was 
higher than the 86.7% observed in this study. In addition, 
heating WCS at 180°C for 20 min resulted in a lower CPD (48.2%) 
after 12 h than W149 (55.85%) in this study. Soybean meal had 
greater (P < .05) CPD than S127, S138, and S149 up to 12 h. 
After 24 h, SBM (92.16%) was similar to S127 (90.05%), but 
still greater (P < .05) than S138 (78.59%) and S149 (33.37%). 
The two more severely heated SBM treatments were the same at 1 
and 2 h, but at 4 h and beyond S138 was higher (P<.05) in CPD 
than S149. Kung and Huber (64) reported SBM to have a CPD of 
76.9% after 12 h which was similar to the 76.39% demonstrated 
in this study. A product similar to S149 was observed to 
have a CPD of 38.0% after 12 h which was higher than the 25.91% 
CPD observed for S149 in this stiidy. Corn gluten meal had the 
lowest (P< .05) CPD of all the protein sources with 19.40 % at 
1 h and 20.93% after 24 h. Stern et al. (119) observed the CPD
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of CGM to range from 10.6 to 26.8% between 1 and 24 h.
This study characterized a variety of protein sources 
based on their solubility, ammonia production, and in situ 
disappearance. Methods utilized provided an estimate of the 
bypass protein potential of the sources tested. It is 
difficult to measure actual degradability with in vitro and in 
situ methods unless degradation kinetics are applied to 
estimates observed. However, the application of the methods 
utilized in this study ranked the extruded products as
possible bypass protein sources and compared them to other 
protein feeds and heat treatments utilized.
The in situ method was more descriptive of the protein 
sources because it provided rate and extent of disappearance. 
Armentano et al. (7) found in situ disappearance and in vitro 
ammonia accumulation to rank protein sources similarly, but 
the in situ technique was more sensitive and allowed
statistical differences to be detected that were not evident 
with the in vitro method. In this study it was apparent that 
the ranking of protein sources was not similar for the methods 
used.
Protein solubility indicated ECS2 and ECS4 to be the most 
insoluble extruded cottonseed products which possibly 
indicated these were the best sources for bypass protein. 
However, the numerical differences observed between the
extruded products were not large even though they were
statistically significant. When evaluating CPD at 24 h, ECS2 
was significantly higher than ECS4 indicating they were not
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similar in degradability. Therefore, when using solubility 
alone to evaluate protein sources, a great deal of 
subjectivity will be required to determine the protein source 
having the best potential to bypass rumen degradation.
In vitro ammonia production ranked all extruded products 
the same with one exception. Statistical differences were not 
evident despite numerical differences of more than 100% 
between the extruded products at all time points. The 
variability observed with this method did not allow for an 
accurate ranking of extruded products based on bypass protein 
-potential. However, ECS3 and ECS4 had the lowest ammonia 
production at each time interval. Because the in situ method 
describes extent of disappearance, potential for selecting 
protein sources based on bypass is improved. Extruded 
products were best characterized by this method. Products 
ECS3 and ECS4 appeared to be the best potential sources for 
protein bypass. The CPD of ECS3 and ECS4 was approximately 
28% lower than ECS1 and ECS2 and 411 lower than WCS after 24 h.
This trial was not set up to determine temperature and 
rate interactions. Even though the extrusion rates for ECS1 
and ECS2 were extremes, they were similar in CPD. Products 
ECS2 and ECS3 were only slightly different in extrusion rate, 
but the higher temperature provided lower CPD.
Products extruded and direct heated at similar 
temperatures were not similar in disappearance. For instance, 
the 24 h CPD of ECS3 (146°C) was 55.39% and W149 was 89.66%. 
Similar temperatures for direct and extrusion heating were
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drastically different in 24 h CPD. The ability to control 
temperature and rate may allow protein feeds to be processed 
at lower temperatures by adjusting extrusion rate and still 
have the same bypass potential of a more highly heated 
product.
Extruders used commercially are usually wet extruders 
equipped with steam which allows temperature control and also 
the ability to control the quality of the final extruded 
product. Dry extruders would more typically be found on the 
farm and control of the final product would be limited due to 
absence of supplemental steam. Product ECS3 increased in CPD, 
between 1 and 24 h, from 41.07 to 55.391 while W149 increased 
from 30.96 to 89.66%. Extruded cottonseed was less degradable 
indicating that extrusion had more control over the final 
product. Achieving a desired level of protein protection for 
bypass requires as much control as possible over the product 
being extruded. This gives the advantage to wet extrusion for 
the commercial manufacturing of bypass protein sources.
In conclusion, extruded whole cottonseed may have 
potential as a bypass protein source because its solubility 
and degradability were reduced by processing. Whole 
cottonseed was very soluble and extrusion had a strong affect 
on reducing WCS solubility. Based on the results of this 
study, the prime candidates for bypass would be ECS3 and ECS4. 
A product with similarity to ECS3 and ECS4 was extruded in 
bulk and fed to early lactation dairy cows to determine the 
feeding value and bypass protein potential of extruded whole 
cottonseed.
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RESULTS AND DISCUSSION (continued) - Journal Style
Paper Title: EVALUATION OF EXTRUDED WHOLE COTTONSEED
AS A BYPASS PROTEIN SOURCE FOR 
LACTATING DAIRY CATTLE
Abstract
Twenty six, early lactation Holstein cows were utilized 
to determine the feeding value and bypass protein potential of 
extruded whole cottonseed. Eleven cows, averaging 43 d 
postpartum, began the trial with remaining cows assigned at 
random, 7 to 14 d postpartum, to one of four experimental 
groups. Groups consisted of a positive control (181 crude 
protein); two treatments (141 crude protein) with whole 
cottonseed or extruded cottonseed processed at 152°C and 436 
kg/h; and a negative control (13% crude protein). All cows 
were group fed, twice daily, complete rations based on corn 
silage, a 16.4% crude protein pelleted concentrate and the 
respective protein sources.
Milk yield was highest for positive control cows (34.6 
kg/d) and lowest for negative control cows (27.9 kg/d). 
Cottonseed treatment groups (31.6 kg/d) were intermediate 
to control groups. Production of 4% fat corrected milk was 
33.3 kg/d for positive control and 27.2 kg/d for negative 
control cows. Treatment groups were similar (29.1 kg/d) and 
intermediate as they were for actual milk production. Milk 
fat percentage was greatest for both controls. Milk protein 
and total solids percentages were highest for negative control 
cows. Cottonseed treatment and positive control groups were
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similar for protein and solids percentage. Body weight gains 
were the greatest for cows consuming extruded cottonseed.
Introduction
113
Whole cottonseed is an advantageous feed for lactating 
dairy cattle because it is high in protein, fiber, and energy 
(81). These nutrients, especially energy and protein, are of 
great importance in early lactation dairy cows when intake may 
not be sufficient to meet requirements.
Feeding whole cottonseed has been demonstrated to improve 
milk yield and milk fat percentage (38,114,126). However, the 
feeding value of whole cottonseed may be improved by 
processing. Heat treatment protects the protein in whole 
cottonseed which reduces ruminal degradation and provides more 
protein to the lower tract. Extrusion processing of whole 
cottonseed has been observed to increase the flow of crude 
protein to the duodenum compared to raw whole cottonseed when 
fed to late lactation cows (95). The additional protein 
supplied from bypass would probably be more beneficial for 
early lactation cows with higher protein requirements.
Feeding value of soybean meal and whole soybeans has been 
improved by the use of extrusion. Extruded soybean meal has 
been observed to improve milk yield and 4% fat corrected milk 
production in lactating dairy cows (104). In contrast to 
soybean meal, Stern et al. (120) demonstrated a reduction in 
ruminal protein degradation and an increase in flow and 
absorption of amino acids at the small intestine by feeding 
extruded versus raw soybeans.
The cottonseed utilized in this trial was processed by 
wet extrusion. This type of extrusion preconditions the
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cottonseed with moisture and steam and processes it by forcing 
it through a constricting auger. Heat is generated by 
friction and additional heat is supplied from steam in the 
outer portion of the auger. Thus product temperature can be 
controlled by extrusion rate and supplemental steam. Dry 
extrusion without supplemental steam can also be used (95), 
but it does not allow for the precise control of product 
temperature as in wet extrusion.
Extrusion heating reduced protein solubility of whole 
cottonseed, as observed in the previous paper. In situ 
disappearance of dry matter and crude protein were also 
decreased by extruding whole cottonseed. Reductions observed 
in solubility and in situ disappearance may indicate greater 
potential of extruded whole cottonseed, compared to raw whole 
cottonseed, as a bypass protein source. Thus, the objective 
of this study was to determine the feeding value and bypass 
protein potential of extruded whole cottonseed in comparison 
to raw whole cottonseed for early lactation dairy cows.
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Materials and Methods 
Experimental Animals and Rations
Twenty six, early lactation Holstein cows were assigned 
at random to one of four experimental groups. Eleven cows, 
averaging 43 d postpartum, began the trial and additional 
cows, 7 to 14 d postpartum, were assigned as they became
available on the same day each week during the trial. The last 
cow was added three weeks before the end of the 15 wk trial. 
Average days in milk at the end of the trial was 94. All cows 
were housed in a free stall barn in group lots.
This study utilized four experimental groups which 
consisted of a positive control (PC), whole cottonseed 
treatment (WCST), extruded whole cottonseed treatment (ECST), 
and a negative control (NC). All experimental diets were
based on corn silage, a 16.4% (as fed) crude protein (CP)
commercial pelleted concentrate and the protein source. The
PC included soybean meal, as a protein source, and was 
formulated to contain 18% CP (dry matter basis); WCST and ECST 
were formulated at 14% CP (dry matter basis) and included 
whole cottonseed (WCS) and extruded whole cottonseed (ECS); 
and NC was based on silage and pelleted concentrate only and 
formulated to contain 13% CP (dry matter basis). Extruded 
cottonseed used was processed through a Wenger Model X-25 
extruder at 152°C and 436 kg/h.1 These extrusion conditions
^Wenger Manufacturing Co. Pilot Plant, Sabetha, KS 66534
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were selected based on the results of the analyses discussed 
in the previous paper. Formulated composition of these diets 
is in Table 8.
Cows were group fed complete rations, twice daily, after 
milking. Dietary energy levels were balanced by adjusting dry 
matter intake. Dietary TDN content exceeded NRC requirements 
(81). The ECST and WCST diets were approximately 4.5% higher 
in TDN and were fed at an initial level of 19.6 kg DM/d. The PC 
and NC diets were fed initially at 20.5 kg DM/d. Corn silage 
and pelleted concentrate were delivered by mixer truck to each 
group. Supplemental protein sources were topdressed and mixed 
by hand. Oyster shell flour was topdressed to maintain a Ca:P 
ratio of approximately 2.5:1. Cows had access to fresh water 
at all times. A mineral mixture consisting of a 4:3:1 ratio of 
feed grade salt:dicalcium phosphate:oyster shell flour was 
provided free choice. Dietary dry matter was adjusted weekly 
as needed.
Body weights were obtained for 3 d pretrial, weekly 
during the trial, and for 3 d at the end of the trial.
Sample Collection and Analyses
Milk production, AM and PM, was recorded daily. Milk 
samples were collected, AM and PM, biweekly during the trial. 
Samples were collected in plastic whirl-pak bags then 
transferred into 15 ml plastic vials containing potassium 
dichromate as a preservative. Fat and protein were analyzed
14
TABLE 8. Formulated and actual diet composition, dry matter basis
Ingredient
Diet1
PC ECST .....ffCST NC
F Z AJ F A F A F A
f t)if J
Corn silage. 50.0 55.2 50.0 45.9 50.0 51.2 50.0 48.9
Concentrate 33.8 29.8 31.3 34.5 31.3 31.5 50.0 51.1
Wheat midds 11.91 10.50 11.03 12.15 11.03 11.10 17 .62 18.00
Ground corn screenings 7.40 6.52 6.85 7.55 6.85 6.90 10.95 11.19
Soybean meal, 44% CP 5.46 4.82 5.06 5.58 5.06 5.09 8.08 8.26
Soy flakes 4.99 4.40 4.62 5.09 4.62 4.65 7.38 7.54
Molasses 1.70 1.50 1.57 1.74 1.57 1.58 2.52 2.57
Limestone 1.47 1.29 1.36 1.50 1.36 1.37 2.17 2.22
Dicalcium phosphate .47 .42 .44 .48 .44 .44 .70 .72
Salt , .38 .33 .35 .39 .35 .35 .56 .57
Vitamin A and D premix .04 .03 .03 .04 .03 .03 .06 .06
Soybean meal - 16.2 15.0 - - - - - -
Extruded cottonseed - - 18.7 19.6 - - - -
Whole cottonseed * 18.7 17.4 —
 --------------------
PC =• positive control;
ECST - extruded whole cottonseed treatment;
WCST = whole cottonseed treatment;
NC = negative control.
2F = formulated.
"*A = actual.
^Commercial pelleted concentrate, 16.41 crude protein as fed basis. 
■*CP = crude protein.
^Vitamin A - 5S00 IU/kg; vitamin D - 2200 IU/kg.
^Extruded at 1SZ°C and 436 kg/h.
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by the Louisiana DHIA Laboratory using a Milko Scan 300. Total 
solids were analyzed by evaporating the samples at room 
temperature and drying it 100°C for 16 h.
Blood samples were obtained by jugular venipuncture for 3 
d pretrial then biweekly during the trial. Collections were 
made into heparinized vacutainer tubes and subsampled (3.36 
ml) into autoanalyzer cups containing .24 ml of 6.66% mercuric 
chloride for ammonia preservation. Ammonia and total free 
amino acids were measured using a Technicon AutoAnalyzer II 
equipped with a phenol-hypochlorite and ninhydrin system (21). 
Concentrations of ammonia and total free amino acids were 
estimated by regression equations based on ammonia and L- 
leucine standards. Remaining blood was centrifuged at 515 x g 
for 10 rain, and the plasma was frozen until analyzed for urea- 
nitrogen. The colorimetric procedure utilized a working 
reagent which consisted of equal volumes of color reagent
(.25% diacetyl monoxime and .01% thiosemicarbazide) and acidic 
reagent (.0185% ferric chloride hexahydrate and 8.8% sulfuric 
acid). Plasma (.1 ml) was mixed with 4 ml of working
reagent, and the mixture was heated in a 100°C water bath for
13 to 15 min. After cooling 3 to 5 min in ice water, absorbance 
was read at 515 nm. Blood urea-nitrogen concentrations were 
calculated based on a standard curve plotted after reading the 
absorbance of urea-nitrogen standards.
Representative samples of corn silage, concentrate 
pellets, SBM, WCS, ECS, PC, WCST, ECST, and NC were taken
weekly. Orts were sampled as necessary throughout the trial.
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Samples were composited biweekly, dried at 60°C, and ground 
through a 2 mm screen using a macro Wiley mill. All composited 
samples were analyzed for dry matter, CP, acid detergent 
fiber (ADF), and acid detergent fiber nitrogen (8,44).
Statistical Methods
Data were analyzed by least squares techniques using the 
GLM procedure of SAS (103). Individual treatment differences 
were tested by pairwise comparison of least squares means.
Results and Discussion
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Actual composition of experimental rations is in Table 8. 
Actual varied from formulated due to silage intake, 
concentrate intake was held relatively constant. Nutrient 
composition of ingredients and rations is in Table 9. Dietary 
crude protein was lower and acid detergent fiber was higher 
than expected for all four diets. Differences observed could 
be due to sampling and/or variation in the nutrient 
composition used for each ingredient to formulate the diets. 
The differences in ADF between WCS and ECS may be due to 
altered fiber characteristics of ECS. Supplemental soybean 
meal provided 44% of the CP in the PC diet, ECS provided 30% of 
the CP in the ECST diet, and 26% of the CP in the WCST diet was 
supplied by WCS. Dry matter intake of experimental rations 
and individual ingredients is in Table 10. Because cows were 
group fed, averages per cow are based on total group 
consumption and number of cows per group. Intake by PC cows 
was highest (21.5 kg/d) followed by WCST (20.1 kg/d), NC (20.2 
kg/d), and ECST cows which had the lowest intake at 18.5 kg/d. 
Cows fed ECST did not readily accept ECS during the first 
weeks of the trial. Decreased consumption of ECST may have 
been due to lower palatability of ECS or the mixture of corn 
silage with ECS may have been undesirable. Greater 
availability of fat from ECS may have depressed fiber 
digestibility and thus reduced intake. Smith et al. (114) 
discussed the relationship of fiber digestibility and WCS 
which is high in fat. The authors observed no significant













Corn silage 28.10 6.98 29.86 .05
Concentrate1 89.44 19.31 13.66 .12
Soybean meal 89.70 46.07 15.12 .38
Whole cottonseed 87.61 19.78 47.29 .36
2Extruded cottonseed 91.53 20.36 41.17 .29
Diet5
Positive control 38.28 15.23 26.14 .14
ECS treatment 42.14 13.15 25.73 .08
WCS treatment 41.49 13.20 30.34 .17
Negative control 40.44 12.46 25.69 .12
^Commercial pelleted 
in Table 8.
concentrate, 16.4t crude protein as fed basis; ingredient composition
^Extruded at 152°C and 436 kg/h.
^Positive control - corn silage, concentrate, and soybean meal;
ECS treatment - corn silage, concentrate, and extruded whole cottonseed; 
WCS treatment - corn silage, concentrate, and whole cottonseed;
Negative control - corn silage and concentrate.

























PC = positive control;
ECST = extruded whole cottonseed treatment;
KCST = whole cottonseed treatment;
NC = negative control.
2Commercial pelleted concentrate, 16.4% crude protein as fed basis; 
ingredient composition in Table 8.
^Extruded at 152°C and 436 kg/h.
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effect of WCS on fiber digestibility; however, digestibility 
of fiber decreased with increasing quantities of WCS in the 
diet. Generally, intake for PC, WCST, and NC increased as the 
trial progressed, but ECST cows had fluctuating intake until 
the ninth week when intake began increasing. This may have 
been a result of additional cows being added throughout the 
trial. Lactating cows fed extruded soybeans have been 
observed to have similar or improved intakes compared to cows 
consuming control diets containing SBM or raw soybeans 
(120,128).
Milk production and composition data are in Table 11.‘ 
All possible pairwise comparisons between least squares means 
were made. Probability levels present are probably lower than 
the real probabilities. However, acceptable levels of Type I 
probability chosen for stating that a difference existed were 
probably conservative enough to compensate. Milk yield was 
highest (P <.05) for PC cows (34.6 kg/d) with ECST (31.5 kg/d) 
and WCST cows (31.6 kg/d) being intermediate and NC (27.9 
kg/d) the lowest (P <.05). Milk fat percentage was highest (P 
<.05) for NC (3.95%) and PC groups (3.70%). Cows fed ECST 
(3.43%) and WCST (3.62%) had milk fat percentages similar to 
PC. Milk fat yield was the greatest (P< .05) for cows fed PC 
because both milk production and milk fat percentage were 
high. Fat yield from cows fed WCST and ECST were lower (P 
<.05) than PC cows, but NC cows were similar to ECST. Even 
though the NC group had a high percentage of fat, the low level 
of milk yield reduced total milk fat production. Production
TABLE 11. Milk production and composition.
Diet*
Item PC ECST WCST NC
Milk yield, kg/d 34.6a 31.5b 31.6b 27.9C
Milk fat, % 3.70ab 3.43b 3.62b 3.95a
Milk fat, kg/d 1.29a 1.09bc 1.15b 1. 04°
Milk protein, % 2.88a 2 . 94a 2.88a 3.14b
Milk protein, kg/d . 97a . 93a . 91a . 81b
Total solids, 1 11.94a 11.513 11.91a 12.61b
Total solids, kg/d 4. lla 3.64b 3.79b 3.38°
4% FCM2, kg/d 33.3a 28.7b 29.5b 27.2C
a,b,cLeast squares means with unlike superscripts across rows are different 
(P <.05).
*PC = positive control;
ECST = extruded whole cottonseed treatment;
WCST = whole cottonseed treatment;
NC = negative control.
24$ FCM = 4% fat corrected milk.
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of 4% fat corrected milk (FCM) followed the same pattern as 
milk yield. The greatest (P< .05) 4% FCM production was 33.3
kg/d for PC cows and NC cows were the lowest (P < .05) at 27.2
kg/d. Production of 4% FCM for the ECST (28.7 kg/d) and WCST 
(29.5 kg/d) groups was similar and intermediate to the control 
groups.
Milk protein percentage was similar for PC (2.88%), ECST 
(2.94%), and WCST (2.88%) cows, but NC (3.14%) cows were the 
highest (P* .05) of the four groups. Yield of protein from
the NC group was the lowest (P < .05) because milk production
was low. The other groups were similar in milk protein 
production. Total solids percentage exhibited a pattern 
similar to milk protein with NC cows having the highest (P 
<.05) percentage. Yield of total solids was the greatest (P 
<.05) for PC cows with the ECST and WCST groups being similar 
and NC cows the lowest (P < .05). The pattern observed for 
solids yield was the same as that for milk production.
Whole cottonseed feeding has been found to improve milk 
production and fat percent (38,114,126) unlike what was 
observed in this study. However, the WCST diet was lower in CP 
than PC which could alter the effect of WCS. Milk fat percent 
has also been demonstrated to be lower for cows fed WCS 
compared to cows consuming no WCS (26,37). This lowered fat 
percentage was also observed in this trial. Variability in 
milk fat percent observed in the literature was probably a 
reflection of type and composition of diet fed, level of WCS 
in the diet, dietary fiber level, and stage of lactation of
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the cows used. The lower percentages of milk fat for WCST and 
ECST cows compared to the control group may have been a result 
of depressed fiber digestibility in the rumen because of the 
fat in WCS and ECS (114). This would be especially true for 
ECS because of greater fat availability due to rupture of fat 
cells during extrusion as observed by the physical nature of 
ECS.
Treatment of WCS by processing may improve its potential 
for ruminal bypass. Extrusion processing of WCS has been 
observed to increase the flow of crude protein to the duodenum 
compared to WCS (95). Performance data of lactating dairy
cows fed extruded WCS are limited in the current literature.
However, data are available on feeding extrusion processed 
soybeans. Mielke and Schingoethe (78) observed improved milk 
production, milk fat, and 41 fat corrected milk by feeding
extruded soybeans to lactating cows. Dietary protein
degradation was reduced by feeding extruded soybeans compared 
to raw soybeans (120). Amino acid flow to and absorption in 
the small intestine increased which indicated improved bypass 
of protein by extrusion. Both WCS and soybeans have improved 
bypass potential after extrusion (95,120). However, raw WCS 
is not as soluble as soybeans. The higher solubility of raw 
soybeans may allow for easier manipulation by extrusion to 
improve bypass potential and animal performance.
In this study, ECST cows performed similarly to WCST cows 
indicating that extrusion at 152°C may not have had the 
desired influence on improving the potential for WCS to bypass
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the rumen. Cows consuming the higher protein PC diet did have
the highest milk and 4% FCM production, but the level of
production observed for ECST and WCST, compared to the control 
groups, indicates that some bypass was occurring in order to 
support production at the low level of dietary CP fed. The 
level of bypass achieved at the intake observed was not great 
enough to equal the production of PC. However if performance 
is evaluated on the relationship of kg CP consumed per kg milk 
produced, ECST was the best at .077 kg CP/kg milk. The PC had 
a ratio of .095 kg CP/kg milk which was the highest of the four 
groups. The NC and WCST were intermediate at .090 and .084. 
If ECST cows had consumed the same quantity of dry matter as PC 
cows and if . the efficiency of CP utilization had remained 
constant, they would have produced 36.7 kg milk/d.
A comparison of actual CP and total digestible nutrients 
(TDN) consumption with levels recommended by NRC (81) for the 
milk production of each group indicated that the PC cows 
produced at a level expected based on CP intake. However, the 
TDN consumed (15.5 kg/d) was greater than NRC recommendations 
(14.8 kg/d) for 34.6 kg milk production. The NC cows consumed 
more TDN (14.6 vs 13.4 kg/d) and less CP (2.5 vs 2.9 kg/d) than 
NRC recommendations. The low CP diet fed to NC cows limited
their production. Cows receiving ECST and WCST diets consumed
less CP (2.4 and 2.7 vs 3.1 kg/d) than recommended for the milk 
yields observed. The ECST cows consumed about 22.6% less CP 
than NRC required and WCST cows consumed 12.9% less. This 
appears to indicate that a bypass protein effect occurred with
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WCS and extrusion further improved WCS bypass protein 
potential. Recommendations for TDN were only slightly higher 
(13.9 kg/d) than the TDN intakes observed for ECST (13.4 kg/d) 
and WCST (13.7 kg/d) cows. Greater dry matter consumption, 
especially by ECST cows, would have increased energy intake 
and possibly further increased the milk production observed.
Table 12 illustrates the metabolizable protein (22,23) 
profiles of the diets fed in this study. The metabolizable 
protein and urea fermentation potential values (g/kg) were 
calculated based on the nutrient composition listed in Table 
9. Values for TDN were estimated based on ADF determinations. 
Calculated estimates of metabolizable protein and urea 
fermentation potential were 46.1, +6.6 (corn silage); 95.7, - 
23.0 (concentrate); 159.3, -93.2 (SBM); 136.9, -9.1
(WCS); and 152.5, -5.0 (ECS). Metabolizable protein values 
for ECS and WCS were estimated based on a regression of milk 
production and metabolizable protein intake of the PC and NC 
groups. Production of ECST and WCST cows was used to 
calculate total metabolizable protein intake for each group 
and by subtracting the contributions of corn silage and 
concentrate from the total the amount of metabolizable protein 
contributed by ECS or WCS was determined. The degradability 
of ECS was calculated to be 37.17% and for WCS 44.06%. This 
was greater as would be expected due to protein protection by 
extrusion. The ECST diet had the lowest percent of 
metabolizable protein contributed by microbial protein while 
the NC was the highest at 60.6%. The purpose of extruding WCS
TABLE 12. Metabolizable protein profile of experimental diets.










































8.5 171 221 124 345 516
6.4 266 346 - 346 612
3.6 415 134 - 134 549










10.3 208 267 151 418 626
6.3 263 340 - 340 603
3.5 348 131 - 131 47920.1 515 777 TST '559 1755
10.3 208 267 151 418 626
9.9 412 555 - 535 947
7571 575 552 1ST “555 1577
5775
5575
^Actual = metabolizable protein supplied by microbial protein potential of feed.
From +UFP = metabolizable protein supplied by microbial protein from positive urea 
fermentation potential;
Total = sum of actual and from +UFP.
^Metabolizable protein supplied from bypass feed protein.
^Total metabolizable protein supplied from bypass and microbial protein.
4
Percent of total metabolizable protein supplied by microbial protein.
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is to increase the quantity of protein bypassing the rumen 
which is evident by comparing the percent of metabolizable 
protein supplied by microbial protein for ECST and WCST (49.2 
vs 52.0%). The bypass potential of ECS is also illustrated by 
the ECST diet providing 90.6 g total metabolizable protein per 
kg DM. Each kg of ECS supplied 115 g of bypass metabolizable 
protein while WCS only provided 99 g/kg. The WCST diet had a 
lower metabolizable protein level, 85 g/kg. The greater 
quantity of metabolizable protein per kg DM in the ECST diet 
should translate into greater milk production at similar DM 
intakes. Metabolizable protein requirements (23) PC, NC, 
ECST, and WCST cows, based on the milk production and milk fat 
percent observed in this study, were 1690, 1484, 1564, and 
1568 (g/d). Requirements for each group were lower than the 
metabolizable protein content calculated for each diet. If 
the estimates of metabolizable protein for each diet were 
accurate the metabolizable protein requirements for milk 
production might have been low. Data available for 
metabolizable protein content of feedstuffs is more prevalent 
than requirement data for lactating dairy cows. In comparison 
to NRC requirements, metabolizable protein requirements did 
not relate as closely to the intakes and production observed 
during the trial.
Results of blood analyses are in Table 13. Ammonia 
concentration was similar for NC and ECST cows. However, the 
ECST group was also similar to the PC and WCST groups. The PC 
cows consuming highly soluble SBM had the only significant
TABLE 13. Blood ammonia, total free amino acids, and urea-nitrogen concentrations.
Diet1
I tem^ PC ECST WCST NC
X SE X SE X SE X SE
NHj,v moles/dl 8 -4a .4 7.7ab .3 7. 9a .3 7.2b .3
TFAA,-v moles/dl 352a 8.0 346a 5.0 347 a 6.0 359a 6.0
Urea-N, mg/dl 35.973 1.25 31.62ac 1.Z5 29.36 bc 1.56 26.33b 1.30
a,b,cLeast squares means with unlike superscripts across rows are different (P<.05).
*PC = positive control;
ECST = extruded whole cottonseed treatment;
WCST = whole cottonseed treatment;
NC = negative control.
2NH3 = ammonia;
TFAA = total free amino acids;
Urea-N = urea-nitrogen.
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difference (P<.05) compared to NC cows. This would probably 
be expected due to the difference in dietary protein between 
PC and NC groups. No effect of treatment was observed for 
total free amino acids which might be expected with jugular 
blood. Blood urea-nitrogen was similar for PC and ECST cows, 
but WCST and ECST cows were similar. Level of urea- 
nitrogen was lower CP < .05) for NC and WCST cows compared to 
the PC group. Blood urea-nitrogen concentration could reflect 
protein intake as well as quality. The high and low levels 
observed for PC and NC cows would be expected because these 
groups represented the highest and lowest protein intakes of 
the experimental groups. The urea-nitrogen concentrations of 
ECST and WCST cows might have been influenced more by protein 
quality than intake.
Average body weights were 25, 27, 28, and 44 kg greater 
for PC, NC, WCST, and ECST cows at the end of the trial 
compared to the initial weights. This may indicate that ECST 
cows used less body stores for energy in early lactation 
compared to the other groups. It is possible that greater 
energy availability of the ECS consumed may have resulted in 
an increase in propionate as a result of reduced fiber 
digestibility. Propionate is more energetically efficient and 
thus energy taken from body stores would have been less for 
ECST cows. However, it could be possible that excess amino 
acids were used for energy because of a lower than expected 
biological value of the protein at the intestinal level.
In conclusion, extrusion did improve the bypass potential
of WCS. The relationship of CP intake to milk production 
supports this claim. Cows consuming ECS produced 91 less milk 
than PC cows, but consumed 26% less protein. Based on these 
assumptions and the same intake, ECST cows would have produced 
6% more milk by consuming 131 less CP compared to PC cows. In 
this study, ECST and WCST cows produced the same amount of 
milk, but ECST cows consumed 8% less CP. The additional cost, 
approximately $44.00/metric ton, of extruding WCS may be 
feasible if the additional milk produced and lower cost of 
feeding less protein are economically advantageous.
GENERAL DISCUSSION
The concept of extruding whole cottonseed was developed 
at Louisiana State University in early 1982 based on previous 
experience with extruded soybeans. Extrusion processing of 
soybeans increased the flow and absorption of amino acids at 
the small intestine (120). The idea of extruding whole 
cottonseed to improve its potential as a bypass protein source 
is realistic based on the success observed with extruded 
soybeans. The abundance of whole cottonseed in the southern 
United States makes it an appropriate choice as a protein feed 
for dairy cattle, especially because it is high in energy, 
fiber, and protein (81). Published research on extruded whole 
cottonseed is limited to one study reported in 1983 (95) which 
observed an increase in the flow of protein to the duodenum by 
feeding extruded cottonseed. However, this study did not 
describe extrusion conditions so similar conditions could be 
used to develop an extruded whole cottonseed product as a 
bypass protein source. Extrusion processing used (95) was dry 
compared to wet used in this study.
The lack of data available on extruded whole cottonseed 
provided the opportunity to evaluate its potential as a 
feedstuff and as a bypass protein source. A project was 
designed to evaluate products extruded, using a variety of 
conditions, by Wenger Manufacturing Company, Sabetha, Kansas. 
Preliminary evaluation of four products was done by in vitro, 
in situ, and standard laboratory analyses. These analyses
134
135
were the basis used for selecting extrusion conditions to 
process a product for evaluation in a lactation study.
A general summary of the results from these 
investigations is presented in Tables 14-17. Individual 
contrasts are presented in Appendix Tables 2a-14a.
The development of an extruded product required 
procedures to estimate the potential for ruminal bypass. 
Protein solubility methods ranked the extruded products based 
on specific conditions with water as the solvent, but these 
did not provide realistic estimates of ruminal degradation.
The lowest solubility determinations resulted from the 
cold water-homogenized method and the highest were associated 
with the hot water method. Determinations with the cold 
water-mixed method were intermediate. Longer extraction times 
used to measure solubility resulted in higher measurements. 
However, if equal times were used with cold and hot water 
techniques the influence of heat would probably result in 
higher solubility measurements (133). The two cold water 
techniques tended to rank all protein sources in a similar 
order. The advantage of the mixed method is a smaller sample 
size, and the homogenized method is advantageous because it 
requires less time to solubilize the sample. Depending on the 
advantage preferred, either method would provide similar 
rankings of the protein sources tested. Hot water solubility 
described whole cottonseed and soybean meal more closely to 
what would be expected. Solubility of soybean meal should be 
higher than whole cottonseed, but this was not demonstrated
TABLE 14. Type I probability levels for F tests of sources in
the model for response variables in the laboratory trial.
___________Method^____
Source of ?
variation_______________ d .  _______ CWM________CWH________ HW
Treatment 12 .0001 .0001 .0001
Error 26
^CWM = cold water-mixed;
CWH = cold water-homogenized;
HW = hot water.
2Degrees of freedom.
TABLE 15. Type I probability levels for F tests of sources in the
model for response variables in the laboratory trial.
 Disappearance
Source of . Ammonia Dry ” Crude"
variation___________________   production_matter ___ protein
Treatment 12-13 .0001 .0001 .0001
Time 2-5 .0005 .0001 .0001
Treatment*time 26-60 .0001 .0001 .0001
Error 168-224
■^Degrees of freedom;
Degrees of freedom for treatment (12 to 13), time (2 to 5), 
treatraent*time (26 to 60), and error (168 to 224) were ranges 
depending on the response variable evaluated.
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TABLE 16. Type I probability levels for F tests of sources in the model for response variables
in the lactation trial.
Source of 1 Milk Fat Milk protein Total solidsvariation d. f . Percent Yield Percent Yield Percent Yield
Treatment 3 .0001 .0001 .0001 .0001 .0001 .0001
Cow(treatment) 22 .0001 .0001 .0001 .0001 .0001 . .0001
Week 6 .0653 .0064 .0001 .0001 .0067 .0001
Treatment*week 18 .3562 .5545 .8283 .6064 .9351 .7971
Error 72-73
^Degrees of freedom;
Degrees of freedom for error ranged from 72 to 73 depending on the response variable 
evaluated.
TABLE 17. Type I probability levels for F tests o£ sources in the model for response







Actual 44 Fat corrected Ammonia Urea-N
total free 
amino acids
Treatment 3 .0001 .0001 .0001 .0001 .0178 .0057
Cow(treatment) 22 .0001 .0001 .0001 .0001 .0001 .0217
Week 7-14 .0001 .0001 .0001 .0001 .0001 .0035
Treatment*week 21-42 .0002 .0483 .9066 .8598 .0847 .1345
Error 96-182
^Degrees of freedom;
Degrees of freedom for week (7 to 14), treatment*week (21 to 42), and error (96 to 182) 
were ranges depending on the response variable evaluated.
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with the cold water techniques.
True differences between solubility determinations and 
percent reductions observed are not the same. However, it is 
important to evaluate solubility from both perspectives. For 
example, the cold water mixed and homogenized methods 
determined whole cottonseed solubility to be 22.37 and 18.88%. 
After extrusion, at 156°C, solubility was 9.80 and 8.841. 
Extrusion reduced protein solubility by 56 (mixed method) and 
53% (homogenized method). The hot water method measured the 
solubility of whole cottonseed to be 32.57% and 156°C 
extrusion (25.05%) reduced solubility only 23%.
Methods utilizing other solvents may allow for a broader 
understanding of the products evaluated, but not improve the 
estimation of degradability. Equating soluble and insoluble 
protein with degradable and bypass protein is questionable 
tll8). Solubility techniques furnish information only for 
preliminary analysis; a more descriptive method should 
accompany solubility determinations when decisions are made 
about which products have the best bypass potential. This is 
why in vitro and in situ techniques were used.
In vitro ammonia production was variable for the 
determinations made. The rankings of the protein sources 
observed between solubility and ammonia production were not 
similar. The range of temperatures used during extrusion 
should have resulted in some differences between products as 
observed with solubility and based on literature values (124). 
Because ammonia production was similar across all products,
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faith in the procedure is questionable. However, the in vitro 
system was viable as evidenced by increased ammonia production 
from casein which was the control protein source. It might be 
better to simultaneously measure ammonia and free amino acids. 
The in vitro system should employ an inhibitor such as 
hydrazine to inhibit microbial uptake of amino acids liberated 
Cl93. This method would probably be less variable than 
evaluating ammonia alone. However, when the in vitro portion 
of this study was conducted the AutoAnalyzer was only capable 
of measuring ammonia.
Of the techniques used to evaluate the extruded products, 
the in situ technique was the most descriptive. Because this 
technique was conducted under ruminal conditions it may 
represent degradability better than ammonia production or 
protein solubility. The in situ technique also provided a 
description of the extent of degradation over time. This 
method had the advantage when compared to the other two 
methods because feed samples were exposed to rumen 
fermentation and not simulated conditions in an in vitro 
system. Satter (105) demonstrated the in situ technique to be 
successful, in describing the degradability of extruded 
soybeans and soybean meal processed at a wide range of 
temperatures. The usefulness of the in situ procedure to 
evaluate extruded soy protein may suggest that other extruded 
products could be successfully studied with this technique. 
In this study the extent of disappearance after a 24 hour 
period indicated that the 146 and 156°C extrusion treatments
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were 41% lower in crude protein disappearance compared to raw 
whole cottonseed and 281 lower than 131 and 135°C treatments. 
These results emphasized that the 146 and 156°C products were 
the least degradable of the four products and provided a basis 
for selecting the conditions to produce an extruded cottonseed 
product to feed in a lactation study.
0rskov and McDonald (91) described equations to estimate 
potential and effective degradation which were previously 
discussed in the review of literature. These equations and in 
situ data from Table 7 were used to calculate degradation 
components of whole and extruded cottonseed which are 
presented in Table 18. Fractional rate of disappearance (c) 
was an average of two values for cottonseed reported by 0rskov 
et al. (88). Fraction Ma" was 1 hour crude protein 
disappearance. Potential degradation, (p), was 24 hour crude 
protein disappearance. Fraction "b" was solved as the unknown 
in the equation for potential degradation. Assuming the 
described factors were correct and by utilizing crude protein 
disappearance data effective degradation could be calculated. 
Effective degradation, P, was highest for whole cottonseed 
which would be expected because the other products were 
extruded and the influence of heat should have reduced 
degradability. Products heated at 131 (ECS1) and 135°C (ECS2) 
had the same effective degradability which was about 18% less 
-than whole cottonseed. Extrusion at 146 (ECS3) and 156°C 
(ECS4) reduced degradability of whole cottonseed approximately 
39 and 49%. The two more highly heated extruded products had
TABLE 18. Degradation components 
equations of 0rskov and McDonald
of whole and 
(91)
extruded cottonseed as estimated by
Protein source
I tern WCS ECS1 ECS 2 ECS3 ECS4
__r n
Rapidly degraded fraction (a) 61.48 54.63
V « J
49.34 41.07 34.91
Constantly degraded fraction (b) 35.85 22.39 31.06 16.75 20.87
Potential degradation (p) 92.31 73.78 75.90 55.39 52.76
Effective degradation (P) 79.95 65.46 65.51 49.16 41.03
1 ^ c £p = a + b(l-e ) where c = fractional rate of disappearance per unit time = 
.0805/hour and t = time = 24 hours;




the greatest potential for rumen bypass because their 
degradability was the lowest of all products evaluated. 
Percent bypass (100-P) estimated from effective degradability 
ranged from 20.05 to 58.97%. The bypass percent calculated 
from metabolizable protein data listed in Table 12 was 55.9% 
for whole cottonseed and 62.8% for extruded cottonseed 
utilized in the lactation trial. The percent bypass of whole 
cottonseed was 64% lower when estimated using effective 
degradability (20.05 vs 55.9%). The product extruded at 152°C 
and fed in the lactation trial was the closest in bypass
percent (59.0%) to ECS4 (62.8%) extruded at 156°C. 
Interpretations of in situ data combined with turnover rate 
have been suggested to be similar to in vivo measurements 
(123). The capability of adjusting in situ data to represent 
actual in vivo degradation provides an advantage over other 
methods, such as protein solubility and in vitro ammonia 
production, to evaluate the potential of protein sources to 
bypass ruminal degradation.
The feeding value of extruded cottonseed fed in the
lactation trial was acceptable and similar to WCS. Milk 
production was 9% lower for the extruded treatment compared 
to the positive control, but the positive control cows
consumed 14% more dry matter and 26% more protein. A
comparison of the kg protein consumed per kg milk yield 
indicated that the lowest ratio was for cows consuming 
extruded cottonseed. Cows receiving the extruded product
produced the same amount of milk as cows consuming whole
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cottonseed, but consumed 81 less dry matter and 8% less 
protein. These comparisons indicate that some bypass might 
have occurred as a result of extrusion processing. Making the 
dairy cow more efficient by feeding extruded cottonseed could 
save money which is especially important to the dairy industry 
today.
The physical nature of extruded whole cottonseed was oily 
which may indicate that some of the fat cells were ruptured 
during extrusion. Thus the fat in extruded cottonseed was 
probably more available to the rumen microbial population 
compared to whole cottonseed. Fat in WCS would be released at 
a slower rate until the physical integrity of the seed was 
disrupted. The quantity of fat supplied by extruded 
cottonseed may have been sufficient to depress fiber 
digestibility which in turn reduced intake. The lower intake 
of silage observed for cows receiving extruded cottonseed 
compared to the other groups may reflect the fat-fiber 
relationship. The time required for cows consuming extruded 
cottonseed to demonstrate increasing intake could be 
attributed to adjustment of the rumen microbial population to 
the diet and especially extruded cottonseed. However 
microbial adjustments to the diet would have probably been 
accomplished before the nine weeks required for intake to 
increase. Because cows were group fed and additional cows 
added throughout the trial, individual cows consuming less 
than the "average" cow in the group may have offset increasing 
intake by other cows. Group feeding obviously does not allow
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monitoring of individual cow intakes which would be helpful to 
explain differences between cows consuming the same treatment 
diet. A facility to individually feed the lactating cows in 
this study would have been advantageous.
The milk fat percent of the whole cottonseed treatment 
cows was acceptable for Holsteins even though it was lower 
than that of cows receiving no cottonseed. Lower milk fat 
percent for cows consuming whole cottonseed versus those 
consuming none has been documented (26,37). Fiber level of 
the whole cottonseed diet was well above NRC recommendations 
for milk production, but it might be possible that milk fat 
was slightly lowered by the fat from whole cottonseed 
decreasing fiber digestibility and production of acetate in 
the rumen. Milk fat percent was reduced to a greater extent by 
feeding extruded cottonseed. This may be a reflection of 
greater fat availability in the rumen and greater depression 
of fiber digestibility which reduced production of acetate and 
resulted in lower milk fat.
Profiles of the metabolizable protein content of the 
diets fed were illustrated in Table 12. The diet containing 
extruded whole cottonseed provided the most bypass protein, 
50.8% of the total metabolizable protein supplied. In 
addition, this diet contained the most metabolizable protein 
per kg dry matter at 90.6 g/kg which was a result of improved 
bypass protein potential. Each kg of extruded cottonseed 
supplied 115 g of bypass metabolizable protein while whole 
cottonseed only provided 99 g/kg. If cows consuming extruded
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cottonseed had eaten the same amount of dry matter as the 
positive control group it could be hypothesized, based on the 
metabolizable protein content of the diet and milk produced, 
that cows receiving the extruded product would surpass the 
production of the positive control group, 36.9 vs 34.6 kg/day. 
Even at the dry matter intake of the whole cottonseed 
treatment group, 34.5 kg milk/day would have been produced by 
the extruded treatment group which would be similar to the 
positive control.
The metabolizable protein requirements of the 
experimental groups in the lactation trial were 1690 g/day 
(positive control), 1484 g/day (negative control), 1564 g/day 
(extruded cottonseed treatment), and 1568 g/day (whole 
cottonseed treatment). These requirements were based on the 
milk production and milk fat percent of each group and were 
lower than the metabolizable protein intakes in Table 12. The 
requirements for milk production may be low assuming the 
dietary metabolizable protein calculations to be accurate. 
Published data on metabolizable protein content of feedstuffs 
far exceeds that of requirement tables for lactating dairy 
cattle. In contrast, NRC has more published data on 
requirements of lactating dairy cattle. Consumption of crude 
protein and total digestible nutrients by the experimental 
groups was more closely associated with the requirements of 
these nutrients, at the milk production and milk fat percents 
observed, than those of metabolizable protein.
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Extruding a product such as whole cottonseed is more 
difficult compared to soybean meal or soybeans due to the 
physical nature of cottonseed. This difficulty would probably 
require cottonseed to be extruded commercially due to greater 
flexibility of mechanized systems. In addition wet extruders 
are more available commercially and would provide greater 
control over the final product. Extruded whole cottonseed 
would fit into a mechanized system, commercially or on the 
farm, more readily than whole cottonseed because of its 
handling properties. Extrusion costs about $44.00/metric ton. 
The additional cost of processing whole cottonseed would only 
be beneficial if the milk production achieved by feeding less 
protein is economically advantageous.
Based on crude protein disappearance, the other 
cottonseed products evaluated would probably not have the 
feeding value of the extruded cottonseed fed in the lactation 
trial. Products S149 and CGM were lower in crude protein 
disappearance than extruded cottonseed which might indicate 
the potential to perform similarly to extruded cottonseed in a 
lactation trial.
Original research is the basis for exploring and 
understanding scientific knowledge. The concept of extruding 
whole cottonseed provided the basis for original research in 
the field of ruminant nutrition. Data collected on protein 
solubility, in vitro ammonia production, in situ disappearance 
and performance of lactating dairy cattle provided data not 
available in the current literature. Metabolizable protein
149
data were also calculated to contribute new information 
concerning the development of a new protein source. Despite 
the variety of feedstuffs available for ruminants, development 
of new feeds could benefit the dairy farmer, feed industry, 
and nutritionist who are striving to achieve maximum 
production at the lowest possible cost. Bypass protein feeds 
which emphasize reducing costs by feeding less protein while 
maximizing production have a place in the dairy industry and 
eventually extruded whole cottonseed may be considered among 
them.
The results of the laboratory and lactation studies 
demonstrated that extruded whole cottonseed does have 
potential as a bypass protein source for lactating dairy 
cattle. However, there are still ideas and topics that could 
be implemented in future research efforts.
1. Extruded whole cottonseed could be evaluated by other 
solubility methods which might give greater distinction 
between products.
2. Solubility and in situ disappearance would probably 
be sufficient for the preliminary screening of products. In 
vitro ammonia production was too variable to use as an index 
for product evaluation. Simultaneous measurement of ammonia 
and free amino acids in the presence of hydrazine might be of 
greater use in evaluating products.
3. Evaluate extruded cottonseed in a palatability study 
because of lowered intake observed during the lactation trial.
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4. Utilize cows with duodenal cannulas to measure crude 
protein flow into the small intestine, as an indicator of 
bypass protein, with different extrusion temperatures.
5. Extrude products at higher temperatures to estimate 
degradability as compared to previously evaluated products. 
Compare two extrusion treatments, high and low temperatures, 
in a lactation study to determine if a more highly heated 
product translates to greater milk production compared to a 
product not heated as extensively.
6. Evaluate products extruded at a wide range of 
temperatures in a digestibility trial. Measurements of total 
digestibility as well as protein, fiber, and energy 
digestibilities would be helpful to profile extrusion 
treatments.
7. Possibly implement extruded cottonseed in starter 
diets for rapidly growing young calves to evaluate a bypass 
protein effect.
LITERATURE CITED
1 Aguilar, A. A., E. J. DePeters, R. L. Baldwin, and N. E. 
Smith. 1983. In vitro and in vivo estimates of feed 
protein solubility and degradability. J. Dairy Sci. 
66(Suppl. 1):147(Abstr.).
2 Ahrar, M., and D. J. Schingoethe. 1979. Heat-treated 
soybean meal as a protein supplement for lactating cows. 
J. Dairy Sci. 62:932.
3 Aitchison, T. E., D. R. Mertens, A. D. McGilliard, and N. 
L. Jacobsen. 1976. Effect of nitrogen solubility on 
nitrogen utilization in lactating dairy cattle. J. Dairy 
Sci. 59:2056.
4 Anderson,. M. J., R. C. Lamb, and J. L. Walters. 1980. 
Comparison of four levels of whole cottonseed for 
lactating dairy cows. J. Dairy Sci. 63CSuppl. 
1):154(Abstr.).
5 Anderson, M. J., Y. E. M. Obadiah, R. L. Boman, and J. L. 
Walters. 1984. Comparison of whole cottonseed, extruded 
soybeans, or whole sunflower seeds for lactating dairy 
cows. J. Dairy Sci. 67:569.
6 Annexstad, R. J., M. D. Stern, D. E. Otterby, J. G. Linn, 
and W. P. Hansen. 1985. Responses of dairy cows in early 
lactation to extruded soybeans and corn gluten meal fed 
in various combinations. J. Dairy Sci. 68(Suppl. 
1):117(Abstr.).
7 Armentano, L. E., T. A. Herrington, and C. E. Polan. 
1983. Ruminal degradation of dried brewers grains, wet 
brewers grains, and soybean meal in situ and in vitro. 
J. Dairy Sci. 66(Suppl. 1):171(Abstr.).
8 Association of Official Analytical Chemists. 1980. 
Official methods of analysis. 13th ed. Assoc. Offic. 
Anal. Chem., Washington, DC.
9 Bailey, C. B., and R. Hironaka. 1970. Maximum loss of 
feed from nylon bags in the rumens of steers as related 
to apparent digestibility. Can. J. Anim. Sci. 50:325.
10 Baker, J. G., J. E. Tomlinson, and W. H. McGee. 1985.
The evaluation of soybean meal, roasted whole soybeans or 
whole cottonseed as a concentrate ingredient for 




11 Baxter, H. D., M. J. Montgomery, D. R. Waldo, and J. R. 
Owen. 1983. Effect of feeding protein and protein 
insolubility on milk production by Jersey cows. J. 
Dairy Sci. 66:2093.
12 Beever, D. E., and P.J. Thomson. 1981. The potential of 
protected proteins in ruminant nutrition. Page 82 
Recent developments in ruminant nutrition. W. Haresign 
and D. J. A. Cole, ed. Butterworths, London, England.
13 Bergen, W. G. 1984. Soluble vs. insoluble protein: 
protein degradation. Nutrition Institute of Amino Acids. 
National Feed Ingredients Association. Des Moines, IA.
14 Bergen, W. G., D. B. Bates, D. E. Johnson, J. C. Waller,
and J. R. Black. 1982. Ruminal microbial protein 
synthesis and efficiency. Page 99 in Protein 
requirements for cattle: symposium. MP-lUF. F. N.
Owens, ed. Oklahoma State Univ., Stillwater.
15 Black, J. L., and D. E. Tribe. 1973. Comparison of 
ruminal and abomasal administration of feed on the growth 
and body composition of lambs. Aust. J. Agr. Res. 
24:763.
16 Broderick, G.A. 1973. Potential for "protected" 
proteins and amino acids in ruminant feeding. Page 111 
in Proc. Texas Nutr. Conf.
17 Broderick, G. A. 1975. Factors affecting ruminant 
responses to protected amino acids and proteins. Page 
211 i n  Protein nutritional quality of foods and feeds. 
M. Friedman, ed. Marcel Dekker, Inc., New York, NY.
18 Broderick, G. A. 1978. In vitro procedures for 
estimating rates of ruminal protein degradation and 
proportions of protein escaping the rumen undegraded. J. 
Nutr. 108:181.
19 Broderick, G. A. 1982. Estimation of protein 
degradation using in situ and in vitro methods. Page 72 
in Protein requirements for cattle: symposium. MP-109. 
FT N. Owens, ed. Oklahoma State Univ., Stillwater.
20 Broderick, G. A., and W. M. Craig. 1980. Effect of heat 
treatment on ruminal degradation and escape, and 
intestinal digestibility of cottonseed meal protein. J. 
Nutr. 110:2381.
21 Broderick, G. A., and J. H. Kang. 1980. Automated 
simultaneous determination of ammonia and total amino 
acids in ruminal fluid and in vitro media. J. Dairy Sci. 
63:64.
153
22 Burroughs, W., D. K. Nelson, and D. R. Mertens. 1975.
Protein physiology and its application in the lactating 
cow: the metabolizable protein feeding standard. J.
Anim. Sci. 41:933.
23 Burroughs, W., A. Trenkle, and R. L. Vetter. 1974. A
system of protein evaluation for cattle and sheep 
involving metabolizable protein (amino acids) and urea 
fermentation potential of feedstuffs. Vet. Med. Small 
Anim. Clin. 64:713.
24 Chalupa, W. 197 5. Rumen bypass and protection of
proteins and amino acids. J. Dairy Sci. 58:1198.
25 Chalupa, W., B. Vecchiarelli, D. Sklan, and C. F.
Ramberg, Jr. 1985. Responses of lactating cows to 
cottonseeds. J. Dairy Sci. 68 (Suppl. 1):115(Abstr.).
26 Chik, A. B., D. K. Beede, and C. J. Wilcox. 1985.
Interactions of dietary whole cottonseed, roughage
source, and calcium content on lactational performance of 
Holstein cows. J. Dairy Sci. 68 (Suppl. 1):115(Abstr.).
27 Church, D. C., and W. G. Pond. 1974. Page 250 in Basic 
animal nutrition and feeding. 0 8 B Books, Corvallis, OR.
28 Clark, J. H. 1975. Nitrogen metabolism in ruminants: 
Protein solubility and rumen bypass of protein and amino 
acids. Page 261 in Protein nutritional quality of foods 
and feeds. M. Friedman, ed. Marcel Dekker, Inc., New 
York, NY.
29 Clark, J. H. 1975. Lactational responses to postruminal 
administration of proteins and amino acids. J. Dairy 
Sci. 58:1178.
30 Clark, J. H., and C, L. Davis. 1983. Future improvement 
of milk production: potential for nutritional 
improvement. J. Anim. Sci. 57:7 50.
31 Craig, W. M., and G. A. Broderick. 1981. Comparison of 
nitrogen solubility in three solvents to in vitro protein 
degradation of heat-treated cottonseed meal. J. Dairy 
Sci. 64:769.
32 Crawford, R. J., W. H. Hoover, C. J. Sniffen, and B. A. 
Crooker. 1978. Degradation of feedstuff nitrogen in the 
rumen vs. nitrogen solubility in three solvents. J. 
Anim. Sci. 46:1768.
33 Crooker, B. A., C. J. Sniffen, and W. H. Hoover. 1975. 
Factors affecting protein solubility measurements i« 
feedstuffs. J. Dairy Sci. 58:1240(Abstr.).
154
34 Crooker, B. A., C. J. Sniffen, W. H. Hoover, and L. L. 
Johnson. 1978. Solvents for soluble nitrogen 
measurements in feedstuffs. J. Dairy Sci. 61:437.
35 Dale, R.L., R. E. Roffler, and V. M. Thomas. 1984. Dairy
cattle fed rations containing 0, 10, or 20% whole
cottonseed. J. Dairy Sci. 67(Suppl. 1):114(Abstr.) .
36 Danke, R. J., L. B. Sherrod, E. C. Nelson, and A. D.
Tillman. 1966. Effects of autoclaving and steaming of
cottonseed meal for different lengths of time on nitrogen 
solubility and retention in sheep. J. Anim. Sci. 
25:181.
37 DePeters, E. J., S. J. Taylor, A. A. Franke, and A.
Aguirre. 1985. Effect of feeding whole cottonseed on
composition of milk. J. Dairy Sci. 68:897.
38 Dowlen, H. H., M. J. Montgomery, B. J. Bearden, and W. W.
McNeil. 1984. Utilization of cottonseed in dairy 
rations. J. Dairy Sci. 67(Suppl. 1):234(Abstr.).
39 Erdman, R. A. 1981. Rumen fractional clearance rates of 
feed ingredients within mixed rations fed lactating dairy 
cows. J. Dairy Sci. 64(Suppl.):129(Abstr.).
40 Erdman, R. A., and J. H. Vandersall. 1983. Effect of
rumen protein degradability on milk yield of dairy cows 
in early lactation. J. Dairy Sci. 66:1873.
41 Forster, R. J., D. G. Grieve, J. G. Buchanan-Smith, and 
G. K. Macleod. 1983. Effect of dietary protein 
degradability on cows in early lactation. J. Dairy Sci. 
66:1653.
42 Ganev, G., E. R. 0rskov, and R. Smart. 1979. The effect 
of roughage or concentrate feeding and rumen retention 
time on total degradation of protein in the rumen. J. 
Agric. Sci., Camb. 93:651.
43 Glimp, H. A., M. R. Karr, C. 0. Little, P. G. Woolfolk, G. 
E. Mitchell, Jr., and L. W. Hudson. 1967. Effect of 
reducing soybean protein solubility by dry heat on the 
protein utilization of young lambs. J. Anim. Sci. 
26:858.
44 Goering, H. K., and P. J. Van Soest. 1970. Forage fiber 
analysis. Agric. Handbook No. 379. Agric. Res. Serv., 
U.S. Dept. Agric., Washington, DC.
45 Goering, H. K., and D. R. Waldo. 1974. Processing 
effects on protein utilization by ruminants. Page 25 ija 
Proc. Cornell Nutr. Conf.
155
46 Goetsch, A. L., and F. N. Owens. 1985. The effects of 
commercial processing method of cottonseed meal on site 
and extent of digestion in cattle. J. Anim. Sci. 
60:803.
47 Grummer, R. R., and J. H. Clark. 1982. Effect of dietary
nitrogen solubility on lactation performance and protein 
and dry matter degradation in situ. J. Dairy Sci.
65:1432.
48 Grummer, R. R., J. H. Clark, C. L. Davis, and M. R.
Murphy. 1984. Effect of ruminal ammonia-nitrogen 
concentration on protein degradation in situ. J. Dairy 
Sci. 67:2294.
49 Ha, J. K., and J. J. Kennelly. 1984. In situ dry matter
and protein degradation of various protein sources in 
dairy cattle. J. Anim. Sci. 64:443.
50 Hagemeister, H. 1977. Effect of protein protection on
the supply of protein to ruminants. Page 51 in Proc. 2nd 
Internat. Symp. on Prot. Metab. and Nutr. “ Center for 
Agricultural Publishing and Documentation, Wageningen, 
The Netherlands.
51 Hagemeister, H., W. Lupping, and W. Kaufmann. 1981. 
Microbial protein synthesis and digestion in the high- 
yielding dairy cow. Page 31 ni Recent developments in 
ruminant nutrition. W. Haresign and D. J. A. Cole, ed. 
Butterworths, London, England.
52 Harrison, D. G., and A. B. McAllan. 1980. Factors 
affecting microbial growth yields in the reticulo-rumen. 
Page 205 in Digestive physiology and metabolism in 
ruminants. Y. Ruckebusch and P. Thivend, ed. AVI 
Publishing Company Inc., Westport, CT.
53 Hedde, R. D., K. L. Knox, D. E. Johnson, and G. M. Ward. 
1974. Energy and protein utilization in calves fed via 
rumen by-pass. J. Anim. Sci. 39:108.
54 Hein, M. C., and R. E. Roffler. 1985. Evaluation of a 
whole cottonseed replacer pellet for dairy cows in early 
lactation. J. Dairy Sci. 68(Suppl. 1):116(Abstr.).
55 Hogan, J. P. 1975. Quantitative aspects of nitrogen 
utilization in ruminants. J. Dairy Sci. 58:1164.
56 Hudson, L. W., H. A. Glimp, C. 0. Little, and P. G. 
Woolfolk. 1969. Effect of level and solubility of 
soybean protein on its utilization by young lambs. J. 
Anim. Sci. 28:279.
156
57 .Hudson, L. W., H. A. Glimp, C. 0. Little, and P. G.
Woolfoik. 1970. Ruminal and postruminal nitrogen
utilization by lambs fed heated soybean meal. J. Anim. 
Sci. 30: 609.
58 Kaufmann, W. and W. Lupping. 1982. Protected proteins 
and protected amino acids for ruminants. Page 36 in 
Protein contribution of feedstuffs for ruminants. E. IT 
Miller, I. H. Pike, and A. J. H. Van Es, ed. Butterworth 
Scientific, London, England.
59 Kempton, T. J., J. V. Nolan, and R. A. Leng. 1977 . 
Principles for the use of non-protein nitrogen and by­
pass proteins in diets of ruminants. World Anim. Rev. 
22:2.
60 Khattab, H. M., and S. Tamminga. 1982. The effect of 
heat and formaldehyde treatments on the degradability of 
soybean and maize-gluten in the rumen of Holstein cows. 
J. Dairy Sci. 65(Suppl. 1):138(Abstr.).
61 Klopfenstein, T., R. Britton, and R. Stock. 1982.
Nebraska growth system. Page 310 in Protein requirements 
for cattle: symposium. MP-109. F. N. Owens ed.
Oklahoma State Univ., Stillwater.
62 Krishnamoorthy, U., T. V. Muscato, C. J. Sniffen, and P. 
J. Van Soest. 1982. Nitrogen fractions in selected 
feedstuffs. J. Dairy Sci. 65:217.
63 Kristensen, E. S., P. D. Miller,and T. Hvelplund. 1982. 
Estimation of the effective protein degradability in the 
rumen of cows using nylon bag technique combined with the 
outflow rate. Acta Agric. Scand. 32:123.
64 Kung, Jr., L., and J. T. Huber. 1983. Performance of
high producing cows in early lactation fed protein of
varying amounts, sources, and degradability. J. Dairy 
Sci. 66:227.
65 Kung, Jr., L., J. T. Huber, and L. D. Satter. 1983.
Influence of nonprotein nitrogen and protein of low rumen 
degradability on nitrogen flow and utilization in 
lactating dairy cows. J. Dairy Sci. 66:1863.
66 Little, C. 0., W. Burroughs, and W. Woods. 1963.
Nutritional significance of soluble nitrogen in dietary 
proteins for ruminants. J. Anim. Sci. 22:358.
67 Little, C. 0., and G. E. Mitchell. 1967. Abomasal vs. 
oral administration of proteins to wethers. J. Anim. 
sci. 26:411.
157
68 Loerch, S. C., L. L. Berger, D. Gianola, and G. C. Fahey, 
Jr. 1983. Effects of dietary protein source and energy 
level on in situ nitrogen disappearance of various 
protein sources. J. Anim. Sci. 56:206.
69 Macleod, G. K., and D. G. Grieve. 1983. Protein 
nutrition of dairy cattle. Page 14 i n  Proc. Cornell 
Nutr. Conf.
70 Mahadevan, S., R. M. Teather, J. D. Erfle, and F. D. 
Sauer. 1983. Effect of formaldehyde treatment of 
soybean meal on rates of protein degradation and 
microbial protein concentration in the bovine rumen. 
Can. J. Anim. Sci. 63:181.
71 Majoub, A., G. T. Lane, and T. E. Aitchison. 1978. Milk 
production response to nitrogen solubility in dairy 
rations. J. Dairy Sci. 61:59.
72 Maman, A., A. Alio, and W. H.. Hale. 1984. Disappearance 
' of whole cottonseed from the rumen of fistulated and
intact steers. Page 6-1 _in 25th Annual Arizona Cattle 
Feeders' Day. Tucson, AZ.
73 Mathers, J. C., C. M. Horton, and E. L. Miller. 1977. 
Rate and extent of protein degradation in the rumen. 
Proc. Nutr. Soc. 36:37A.
74 Mathers, J. C., R. J. Thomas, N. A. M. Gray, and J. L. 
Johnson. 1979. The nutritive value of feed proteins 
which escape degradation in the rumen. Proc. Nutr. Soc. 
38:122A.
75 McDonald, I. 1981. A revised model for the estimation 
of protein degradability in the rumen. J. Agric. Sci., 
Camb. 96:251.
76 McGilliard, A. D. 1972. Modifying proteins for maximum 
utilization in the ruminant. J. Amer. Oil Chera. Soc. 
49:57.
77 Mehrez, A. Z., and E. R. 0rskov. 1977. A study of the 
artificial fibre bag technique for determining the 
digestibility of feeds in the rumen. J. Agric. Sci., 
Camb. 88:645.
78 Mielke, C. D., and D. J. Schingoethe. 1981. Heat- 
treated soybeans for lactating cows. J. Dairy Sci. 
64:1579.
79 Miller, E. L. 1980. Protein value of feedstuffs for 
ruminants. Page 17 i n  Vicia faba: feeding value, 
processing, and viruses. D. A. Bond, ed. Martinus 
Nijhoff Publishers, The Hague, The Netherlands.
158
80 Miller, E. L. 1982. Methods of assessing proteins for 
ruminants, including laboratory methods. Page 18 in 
Protein contribution of feedstuffs for ruminants. E. 177 
Miller, I. H. Pike, and A. J. H. Van Es, ed. Butterworth 
Scientific, London, England.
81 National Research Council. 1978. Nutrient requirements 
of domestic animals. No. 3. Nutrient requirements of 
dairy cattle. 5th ed. Natl. Acad. Sci., Washington, 
DC.
82 Netemeyer, D. T., L. J. Bush, J. W. Ward, and S. A.
Jafri. 1982. Effect of heating soybean meal for dairy 
cows. J. Dairy Sci. 65:235.
83 Nishimuta, J. F., D. G. Ely, and J. A. Boling, 1973.
Nitrogen metabolism in lambs fed soybean meal treated 
with heat, formalin and tannic acid. J. Nutr. 103:49.
84 Nishimuta, J. F., D. G. Ely, and J. A. Boling. 1974.
Ruminal bypass of dietary soybean protein treated with 
heat, formalin and tannic acid. J. Anim. Sci. 39:952.
85 Nocek, J. E. 1985. Evaluation of specific variables 
affecting in situ estimates of ruminal dry matter and 
protein digestion. J. Anim. Sci. 60:1347.
86 Nocek, J. E., K. A. Cummins, and C. E. Polan. 1979.
Ruminal disappearance of crude protein and dry matter in 
feeds and combined effects in formulated rations. J. 
Dairy Sci. 62:1587.
87 0rskov, E. R., C. Fraser, and E. L. Corse. 1970. The
effect on protein utilization of feeding different 
protein supplements via the rumen or via the abomasum in 
young growing sheep. Brit. J. Nutr. 24:803.
88 0rskov, E. R., M. Hughes-Jones, and M. E. Eliman. 1983. 
Studies on degradation and outflow rate of protein 
supplements in the rumen of sheep and cattle. Livest. 
Prod. Sci. 10:17.
89 0rskov, E. R., M. Hughes-Jones, and I. McDonald. 1981.
Degradability of protein supplements and utilization of 
unaegraded protein by high producing cows. Page 17 i n  
Recent developments in ruminant nutrition. W. Haresign 
and D. J. A. Cole, ed. Butterworths, London, England.
90 0rskov, E. R., and N. A. MacLeod. 1982. Validation and 
application of new principles of protein evaluation for 
ruminants. Page 76 in Protein contributions of 
feedstuffs for ruminants. E. L. Miller, I. H. Pike, and 















0rskov, E. R., and I. McDonald. 1979. The estimation o£ 
protein degradability in the rumen from incubation 
measurements weighted according to rate of passage. J. 
Agric. Sci., Camb. 92:499.
t
0rskov, 0. R. 1982. Dynamics of nitrogen in the rumen. 
Page 47 in Protein nutrition in ruminants. Academic 
Press, New York.
Pena, F., and L. D. Satter. 1984. Effect of feeding 
heated soybean meal and roasted soybeans on milk 
production in Holstein cows. J. Dairy Sci. 67(Suppl. 
1):123(Abstr.).
Pena, F., L. D. Satter, and G. A. Broderick. 1984. 
Effect of feeding roasted soybeans on ruminal and blood 
plasma measurements in lactating Holstein cows. J. 
Dairy Sci. 67(Suppl. 1):123(Abstr.).
Pena, F., H. Tagari, and L. D. Satter. 1983. Effect of 
heat treating whole cottonseed on rumen degradation and 
flow of protein to the small intestine in Holstein cows. 
J. Dairy Sci. 66(Suppl. 1):200(Abstr.).
Pena, F., H. Tagari, and L. D. Satter. 1983. Effect of 
heat treatment on in vitro and in situ degradation of 
protein in whole cottonseeds. J. Dairy Sci. 66(Suppl. 
1):201(Abstr.).
Pichard, G., and P. J. Van Soest. 1977. Protein 
solubility of ruminant feeds. Page 91 in Proc. Cornell 
Nutr. Conf.
Plegge, S. D., L. L. Berger, and G. C. Fahey, Jr. 1982. 
Effect of roasting on utilization of soybean meal by 
ruminants. J. Anim. Sci. 52:395.
Rakes, A. H., D. G. Davenport, and G. R. Marshall. 1972. 
Feeding value of roasting soybeans for dairy cows. J. 
Dairy Sci. 55:529.
Ramsey, D. S., and J. T. Miles. 1953. Cottonseed vs. 
cottonseed meal and corn as a protein source in a 
concentrate mixture for dairy cows. J. Dairy Sci. 
36:1308.
Roffler, R. E., D. L. Thacker, and J. E. Wray. 1984. 
Feeding soybean meal or corn gluten meal with or without 
whole cottonseed during early lactation. J. Dairy Sci. 
67(Suppl. 1):125(Abstr.).
Ruegsegger, G. J., L. H. Schultz, and D. Sommer. 1983. 
Response of dairy cows in early lactation to the feeding 















SAS Institute. 1982. SAS user's guide: statistics. SAS 
Inst. Inc., Cary, NC.
Sahlu, T., D. J. Scliingoethe, and A. K. Clark. 1984. 
Lactational and chemical evaluation of soybean meals heat 
treated by two methods. J. Dairy Sci. 67:1725.
Satter, L. D. 1981. Resistance of extruded soy protein 
to microbial degradation in the rumen of cattle. Wise. 
Dairy Sci. Res. Rep. pp. 27-36.
Satter, L. D. and R. E. Roffler. 1975. Nitrogen 
requirement and utilization in dairy cattle. J. Dairy 
Sci. 58:1219.
Satter, L. D., and R. E. Roffler. 1976. Relationship 
between ruminal ammonia and non-protein nitrogen 
utilization by ruminants. Page 119 m  Tracer studies on 
non-protein nitrogen for ruminants. Internat. Atomic 
Energy Agency, Vienna, Austria.
Schingoethe, D. J., and M. Ahrar. 1979. Protein 
solubility, amino acid composition, and biological value 
of regular and heat-treated soybean and sunflower meals. 
J. Dairy Sci. 62:925.
Schoeman, E. A., P. J. De Wet, and W. J. Burger. 1972. 
The evaluation of the digestibility of treated proteins. 
Agroanimalia. 4:35.
Sherrod, L. B., and A. D. Tillman. 1962. Effects of 
varying the processing temperatures upon the nutritive 
values for sheep of solvent-extracted soybean and 
cottonseed meals. J. Anim. Sci. 21:901.
Sherrod, L. B., and A. D. Tillman. 1964. Further 
studies on the effects of different processing 
temperatures on the utilization of solvent-extracted 
cottonseed protein by sheep. J. Anim. Sci. 23:510.
Smith, N. E., L. S. Collar, and D. L. Bath. 1980. 
Digestibility of whole cottonseed and its effect on 
selected herd health conditions. J. Dairy Sci. 63(Suppl. 
1):154(Abstr.).
Smith, N. E., L. S. Collar, D. L. Bath., W. L. Dunkley, 
and A. A. Franke. 1980. Whole cottonseed and extruded 
soybean for cows in early lactation. J. Dairy Sci. 
63(Suppl. 1):153(Abstr.).
Smith, N. E., L. S. Collar, D. L. Bath, W. L. Dunkley, and 
A. A. Franke. 1981. Digestibility and effects of whole 














Smith, R. H. 1975. Nitrogen metabolism in the rumen and 
the composition and nutritive value of nitrogen compounds 
entering the duodenum. Page 399 jLn Digestion and 
metabolism in the ruminant. 1. W. McDonald and A. C. I. 
Warner, ed. University of New England Publishing Unit, 
Armidale, Australia.
Smith, R. H., and 0. E. Mohamed. 1977 Effect of
degradation in the rumen on dietary protein entering the
ruminant duodenum. Proc. Nutr. Soc. 36:153A.
Sniffen, C. J. 1974. Nitrogen utilization as related to 
solubility of NPN and protein in feeds. Page 12 in Proc. 
Cornell Nutr. Conf.
Sniffen, C. J. 1980. Dynamics of protein solubility and 
degradability in ruminant rations. Page 69 ija Proc. 
Dist. Feed Conf. Cincinnati, OH.
Stern, M. D., M. E. Ortega, and L. D. Satter. 1983.
Retention time in rumen and degradation of protein 
supplements fed to lactating dairy cattle. J. Dairy Sci. 
66:1264.
Stern, M. D., L. A. Santos, and L. D. Satter. 1985.
Protein degradation in rumen and amino acid absorption in 
the small intestine of lactating dairy cattle fed heat- 
treated whole soybeans. J. Dairy Sci. 68:45.
Stern, M. D., and L. D. Satter. 1982. In vivo estimation 
of protein degradability in the rumen. Page 57 in 
Protein requirements for cattle: symposium. MP-109. FT 
N. Owens, ed. Oklahoma State Univ., Stillwater.
Tagari, H., I. Ascarelli, and A. Bondi. 1962. The 
influence of heating on nutritive value of soya-bean meal 
for ruminants. Brit. J. Nutr. 16:237.
Tamminga, S. 1979. Protein degradation in the 
forestomachs of ruminants. J. Anim. Sci. 49:1615.
Thomas, E., A. Trenkle, and W. Burroughs. 1979. 
Evaluation of protective agents applied to soybean meal 
and fed to cattle I. Laboratory measurements. J. Anim. 
Sci. 49:1337.
Thomas, P. C. 1973. Microbial protein synthesis. Proc. 
Nutr. Soc. 32:85.
Tomlinson, J. E., W. H. McGee, E. W. Custer, J. W. 
Fuquay, W. E. Poe, and R. L. Dooley. 1981. Effect of 
graded levels of whole cottonseed in the diet of dairy 
cattle upon milk production and composition. J. Dairy 
Sci. 64 (Suppl. 1): 141 (Abstr.:).
162
127 Uden, P., R. Parra, and P. J. Van Soest. 1974. Factors
influencing reliability of the nylon bag technique. J.
Dairy Sci. 57:622CAbstr.).
128 van Dijk, H. J., G. D. O'Dell, P. R. Perry, and L. W.
Grimes. 1983. Extruded versus raw ground soybeans for 
dairy cows in early lactation. J. Dairy Sci. 66:2521.
129 Waldo, D. R. 1977. Importance and estimation of 
ruminally undegraded but digestible protein. Page 57 in 
Proc. Maryland Nutr. Conf.
130 Waldo, D. R., and H. K. Goering. 1979. Insolubility of
proteins in ruminant feeds by four methods. J. Anim. 
Sci. 49:1560.
131 Weakley, D. C., M. D. Stern, and L. D. Satter. 1983. 
Factors affecting disappearance of feedstuffs from bags 
suspended in the rumen. J. Anim. Sci. 56:493.
132 Wilson, P. N., and P. J. Strachan. 1981. The 
contribution of undegraded protein to the protein 
requirements. Page 228 in Recent developments in 
ruminant nutrition. W. Haresign and D. J. A. Cole, ed. 
Butterworths, London, England.
133 Wohlt, J. E., C. J. Sniffen, and W. H. Hoover. 1973. 
Measurements of protein solubility in common feedstuffs. 
J. Dairy Sci. 56:1052.
134 Wohlt, J. E., C. J. Sniffen, W. H. Hoover, L. L. Johnson, 
and C. K. Walker. 1976. Nitrogen metabolism in wethers 
as affected by dietary protein solubility and amino acid 
profile. J. Anim. Sci. 42:1280.
135 Yu, Y. 1978. Effect of treating full-fat whole soybeans 
with dry heat or formaldehyde on digestibilities of 
nitrogen and polyenoic acids. J. Dairy Sci. 61:128.
136 Zinn, R. A., L. S. Bull, and R. W. Hemken. 1981. 
Degradability of supplemental proteins in the rumen. J. 
Anim. Sci. 52:857.
APPENDIX
TABLE la. Standard errors for milk production and composition.
Diet1
Item__________________________ T C  ECgT WCST  NC~~
( SFl
Milk yield, kg/d 5.8 3.9 4.7 4.1
Milk fat, % .14 .09 .11 .09
Milk fat, kg/d .11 .07 .09 .07
Milk protein, % .04 .03 .03 .03
Milk protein, kg/d .05 .03 .04 .03
Total solids, % .18 .12 .15 .12
Total solids, kg/d .23 .15 .19 .14
4% FCM2, kg/d 8.3 5.6 6.8 5.9
iPC = positive control;
ECST = extruded whole cottonseed treatment;
WCST = whole cottonseed treatment •»
NC = negative control.
24% FCM = 4% fat corrected milk.
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TABLE 2a. Sources of variation, degrees of freedom, and mean squares for
protein solubility methods.
_____________ Mean squares______ ______
Source of ,     Me t h o d ^ _____
variation_____________ CWM~ ______ Cw H ___ _______HW
Treatment 12 83.50** 57.32** 477.47**
Error 26 .10 .06 .33
Total 38
^CWM = cold water-mixed;
CWH = cold water homogenized; 
HW = hot water.
2Degrees of freedom.
TABLE 3a. Sources 
freedom, and mean 
production.
of variation, degrees 














TABLE 4a. Sources of variation, degrees of freedom, and mean squares for
in situ disappearance.
______Mean squares
Sources of  Disappearance   ~
variation_______________ d.f.________  Pry "matt e r    ~Crufle~pfotein
Treatment 12 1919.67** 6564.68**
Time 5 4624.25** 2554.84**
Treatment*time 60 90.57** 191.28**




TABLE 5a. Sources 
freedom, and mean
of variation, degrees of 













TABLE 6a. Sources of variation, degrees of 



























TABLE 7a. Sources of variation, degrees of freedom, and mean 






























TABLE 8a. Sources of variation, degrees of freedom, 
protein, percent and yield, and total solids, percent








___Percent Yiel5 Percent ~ “ ~~~Yiera
Treatment 3 .7761** .4558** 8.8937** 8.4045**
Cow (treatment) 22 .5581** .6417** 2.7055** 14.4034**
Week 6 .1524** .1707** 1.0350** 1.0557**
Treatment*week 18 .0100 .0227 .1677 .3384**




TABLE 9a. Source of variation, degrees of

























TABLE 10a. Sources of variation, degrees of 



























TABLE 11a. Sources of variation, degrees of 














TABLE 12a. Sources of variation, degrees of
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